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Abstract 
 
This thesis presents the first experimental investigations into the combined effect of nano-
scale surface porosity, narrow pore size distribution and surface chemistry, on nucleation and 
crystallisation of proteins.  Co-operative self assembly of surfactants and silica was applied to prepare 
3D nanotemplates with pore diameter 3.5±1.0nm, 5.5±1.5nm, 11.0±3.0nm, 16.0±3.0nm and 
22.0±5.0nm. Post synthesis functionalisation was used to graft surface with -OH, -NH2, -CF3, -C6H5, -
Cl and -CH3 functional groups.     
The relationship between 3D nanotemplate, N2 sorption and TEM pore diameter, XPS surface 
composition, wettability, surface charge and protein physicochemical properties was investigated, 
resulting in a coherent understanding of the combined effect of nucleant surface porosity and surface 
chemistry on protein crystallisation.  The protein systems investigated for crystallisation include 
lysozyme, thaumatin, trypsin, albumin, concanavalin A, catalase and ferritin; varying in molecular 
weight from 14kDa – 450kDa and hydrodynamic diameter ∼3-20nm. 
Crystallisation of proteins was found to be strongly dependent on 3D nanotemplate pore size.  
The 3D nanotemplate with a pore diameter similar to the protein’s hydrodynamic diameter (Dh) was 
found to be successful in preferential crystallisation, e.g. albumin (Dh=∼5nm) and catalase 
(Dh=∼10nm) was crystallised only on 5.5±1.5nm and 11.0±3.0nm 3D nanotemplates respectively.  
Here, we report a direct correlation between protein hydrodynamic diameter and 3D 
nanotemplate pore diameter, key for controlling protein nucleation. The correlation has been 
experimentally validated for all protein systems investigated. 
The concept of preferential crystallisation was further developed to investigate the 
applicability of this methodology for the separation of a target protein from a protein mixture. A 
solution of two proteins; porcine pancreatic lipase and RNAse was selected for this separation by 
crystallisation.  Lipase (Dh=∼4.5nm) and RNAse (Dh=∼1.5nm) crystals were preferentially obtained 
with 5.5±1.5nm and 3.5±1.0nm 3D nanotemplates respectively.  Furthermore, crystallisation of lipase 
from a commercially available crude source, (purity ∼20%) containing a mixture of lipase, amylase 
viii 
 
and protease, was also achieved on the surface of the 5.5±1.5nm 3D nanotemplate.  The significance 
of the work here is the demonstration that only specific nucleant surfaces with narrow pore size 
distribution can preferentially crystallise a target protein from a protein mixture, which is not 
possible with nucleants of broad pore size distribution, reported to be most suitable candidate for 
“universal nucleant”.   
   Crystals of four out of the seven well studied proteins (lysozyme, albumin, concanavalin A 
and catalase) were obtained at lower protein concentration, whilst thaumatin was crystallised at par 
protein concentration but 3× lower precipitant concentration, on the surface of 3D nanotemplates 
functionalised with -OH, -CH3 and -NH2 functional groups. Here, we report that a reduction of 50-
92% protein concentration compared to the lowest reported literature values was achieved with the 
use of the 3D nanotemplates. As crystallisation was achieved for all seven protein systems at protein 
concentrations in the range of 2-20mg/mL, this approach can be used to engineer surfaces for 
preferential crystallisation of a target protein directly from industrial bioreactor broths. 
In summary, the findings of this thesis offer a first systematic approach for controlling the 
nucleation and crystallisation of biological macromolecules. The use of 3D nanotemplates offers the 
possibility of crystallising complex proteins (e.g. enzymes, antibodies, protein complexes, DAbs, 
MAbs) for structural determination and also novel crystallisation routes for downstream 
bioseparations.  
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Chapter 1.0  Introduction 
 
1.1 Background 
 
Crystallisation, a phase change from the solution1 resulting in a solid phase, having ordered 3D arrays 
of atoms, ions or molecules arranged in rigid lattice [1], is considered to be the oldest known unit 
operations and widely used for downstream processing as a separation and purification technique.  
Crystallisation is mentioned in an ancient written reports and first evidence of human induced/ 
promoted crystallisation can be noted in the old Chinese script of 2700 B.C.   There is reported the 
production of salts by evaporative crystallisation from brine solution using artificially heated vats [2].  
Since the first report of crystallisation of salts, the unit operation has been investigated for developing 
understanding of the two stages of process, nucleation and growth.   
 
Even after years of research and countless publications, the control of nucleation for both inorganic 
and organic molecules from solution or melt still attracts vast interest from the scientific community 
[3]. Challenges are different for organic and inorganic molecules.   For organic molecule particularly 
on the therapeutic interest, it is challenging to crystallise all polymorphic forms possible [4,5].  For 
inorganic and small organic molecules, methods of obtaining crystals are reasonably understood and 
rely on systematic scientific principles.  The challenge here is the crystal engineering using novel 
methods and approaches, whereas for biological macromolecules the challenge remains to obtain a 
microscopic crystal even for structural determination. 
 
First protein crystals were observed and reported by the Hünefeld in 1840 and the protein crystallised 
was earth worm haemoglobin.  The initial motivation for the crystallisation of biological 
macromolecules was (a) to provide means for the purification of specific proteins from complex 
impure mixture at a time when few other means existed (b) to demonstrate that protein had been 
                                                           
1
 Term solution used here is a homogeneous single phase mixture of two or more species, i.e. solvent, which is a 
liquid and solute, which is solid. 
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purified (which is still a measurable deliverable) and (c) considered to be a laboratory curiosity [6, 7].  
The discovery of X- ray diffraction analysis opened up the avenue of structural determination of 
proteins and revealed new motivation, which stands as the principal objective for those involved in 
crystallisation of biological macromolecules even today [7]. 
 
Structure determination and understanding of a macromolecule at its atomic level is key to the 
progress of molecular biology and its application to medicine, agriculture, and industrial processes.  In 
the past decade, the success of the Human Genome project has opened up a new avenue of treating 
severe diseases with numerous new protein-based therapeutics. In order to arrive at the successful 
therapeutic application of a drug, it is essential to understand its effect on the thousands of different 
proteins encoded by genes.  Protein functionality can only be understood by understanding the 
structure of the same.  Understanding protein function enables researchers to develop drugs which can 
have specific interaction with the target proteins [8-10].   
 
The development of recombinant DNA technology enabled researchers to prepare ample amounts of 
rare and otherwise elusive to prepare/ separate proteins. This brought a fundamental change to protein 
crystallisation and structural determination.  As a result of recombinant DNA technology, more than 
0.18million protein/ protein variants have been prepared.  Poor understanding of the crystallisation 
process limits the ability to obtain protein crystals of sufficient size for current X-ray beam facilities 
or more frustratingly poorly diffracting crystals [7].  Growing macromolecular crystals with high 
enough quality for structural determination is still considered a challenging task and may always be 
the bottleneck in understanding structures of proteins.  The importance of this issue can be observed 
from the recent data presented in Figure 1.1 which shows relative success of various stages of protein 
preparation, purification, crystallisation and structure determination. 
 Figure 1.1 Relative success rates of different stages of protein preparation and structure determination 
process2. 
 
Some of the most complex and functionally diverse molecules o
Properties of proteins depend on the external 
pH, ionic strength, contaminants and solvent composition.  
micro-heterogeneous systems which 
structural flexibility and micro-heterogeneity, proteins are difficult to crystallise.  
the macromolecular crystallisation has continuously improved, 
error based semi-random approac
 
The crystallisation of macromole
There is no comprehensive theory, or even a very good base of fundamental data, to guide 
crystallisation efforts [6].  There are neither any known physicochemic
crystallisation parameters and protein structure or family, nor any set
provide reliable results.  However there are different approaches reported in the literature which uses 
the statistical information available from the Protein Data Bank to design the experimental space and 
optimisation of the crystallisation conditions 
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consider the case of a globular protein lysozyme with molecular weight 14kDa, which has 129 amino 
acids with hundreds of bonds and thousands of degrees of freedom [14].  It is very complicated to 
understand interactions among solvents and protein molecules with such a large degree of freedom.  
For viruses of molecular weights measured in the millions of Daltons, the possibilities of interaction, 
conformation and mobility are believed to be immeasurable [6].  
 
Hence, macromolecular crystallisation is generally a matter of searching the ranges of the individual 
parameters that influence crystal formation, finding a set or multiple sets of factors that yield some 
kind of crystals, and then optimising the individual variables to obtain the best possible crystals [15].  
This is usually achieved by carrying out an extensive series or establishing a vast matrix of 
crystallisation trials evaluating the results, and using what information is obtained to improve 
conditions in successive rounds of trails.  Because the number of variables is so large, and the range 
so broad, experience and insight into designing and evaluating the individual and collective trials 
becomes an important consideration [16].   
 
Most commonly, two different approaches for the screening and optimisation of macromolecular 
crystallisation are applied.  The first approach is based on the systematic variation of the important 
variable, which are hypothesised to govern the process.  Such variables are type of buffer, pH, 
precipitant type, concentration and temperature.  Although this approach is more thorough in scope 
and more logical to scientific minds, it requires substantial amount of protein, which may be the 
limiting factor [7]. 
 
The other approach is a “shot gun” based approach.  The shot gun approach is applied with 
intelligence, experience and accumulated wisdom. This approach is more convenient and requires 
relatively low amount of material.  This approach can also be applied with the wide variety of 
commercially available crystallisation screening kits, which can be a good point of start for the 
beginners [7]. 
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Only very recently, rational approaches towards the macromolecular crystallisation based on the 
understanding of the fundamental properties of the systems are developed.  The classical methods of 
physical chemistry are utilised to determine the characteristics of the mechanisms responsible for the 
self organisation of large biological molecules into crystal lattices.  Different physicochemical 
phenomena responsible for the nucleation of the protein crystals have only been reported recently in 
the literature [17-21].   
 
Most reported protein crystallisation experiments are based on the assumption of homogeneous 
nucleation, however small groups of scientists recently have focused on using heterogeneous nucleant 
materials to control nucleation that are pivotal for achieving crystals of desired quality [7, 22].    In 
1988, Shlichta and McPherson used crystalline mineral surfaces as a heterogeneous nucleant to 
induce nucleation on the principle of epitaxial growth. Since then several nucleant materials with 
varied surface properties, i.e. surface roughness,  disordered surface porosity, tailored surface 
chemistry, have been used to promote nucleation [23-30]. The efforts are also directed towards the 
development of nucleant materials which can induce nucleation of numerous proteins and work as 
universal nucleant [9, 25].   
 
Efforts on understanding effects of different surface properties on nucleation and growth of protein 
crystals have been underway for more than two and half decades.  However; till date, no systematic 
understanding of the effect of surface properties on protein nucleation has been developed.  No 
relationship among the protein physicochemical properties and heterogeneous nucleant surfaces is 
developed.  Hence, the selection of heterogeneous nucleants still remains a shot gun based approach.  
Therefore, there exists an urgent need to develop systematic understanding on the role of nucleant 
surface properties at nanometre length scale to tailor the nucleant surfaces that can control nucleation 
of target protein molecule.  The objective of this thesis is to establish the relationship between the 
nucleant surface properties and protein physicochemical properties important for controlling 
nucleation which enables designing heterogeneous nucleants for target protein crystallisation avoiding 
shot gun based approaches that would require extensive experimental efforts. 
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1.2 Aim & Objectives 
 
The general objective of this project is to develop a new methodology for protein crystallisation based 
on the systematic understanding of the relationship between protein and nucleant physicochemical 
properties.   
 
This project aims to focus on the influence of surface porosity and surface chemistry on the 
crystallisation of biological macromolecules. Surface porosity and interactions between functional 
groups on the nucleant surface and biological macromolecule are postulated to play a decisive role in 
controlling the nucleation at the nanometre length scale.  Detailed understanding of interfacial 
properties will allow engineering surfaces and confining the process of crystallisation to a robust zone 
without excessive empirical experimentation. 
 
The specific objectives of this research are: 
a) to prepare surfaces with controlled pore diameter, surface functional end groups and narrow 
pore size distribution to systematically understand the influence of surface porosity and 
surface chemistry at the nanometre length scale; 
b) to develop and validate a relationship between protein hydrodynamic properties and nucleant 
surface porosity by crystallisation of model proteins varying in molecular weight, 
hydrodynamic diameter and number of sub units on the nucleants prepared with tailored 
surface porosity; 
c) to rationalise the relationship developed for surface selective crystallisation of  target protein 
molecule from the perspective of protein purification and bio-separation; 
d) to understand the role of combined effect of surface porosity and surface chemistry on 
crystallisation of biological macromolecules and utilise the understanding to rationalise and 
ultimately control the nucleation; 
- 7 - 
 
 1.3 Thesis Outline 
 
The background of the research, brief details about the current state of knowledge in the area, 
motivation and objectives of the thesis are discussed in Chapter 1.  Practical understanding of 
crystallisation mechanisms with classical and recently proposed crystallisation theories for 
homogeneous and heterogeneous nucleation is detailed in Chapter 2.  A detailed review of current 
state of knowledge on the role of nucleant surface properties on controlling nucleation and 
crystallisation of biological macromolecules is provided in Chapter 3.  Chapter 4 reviews current 
approaches adopted for the preparation of mesoporous surfaces as well as surface functionalisation.  
Details of the methodology adopted in this study for the preparation of mesoporous surfaces, surface 
functionalisation, crystallisation of biological macromolecules, including the characterisation 
techniques used are described in the Chapter 5 of the thesis.  Chapter 6 details the characterisation of 
3D Nanotemplates with highlighting influences of surfactants (sacrificial templates for pore 
formation), organic solvents and the method of calcinations on the pore diameter.  An evaluation of 
the role of surface porosity and narrow pore size distribution on crystallisation of biological 
macromolecules is discussed in Chapter 7 of the thesis highlighting the relationship proposed between 
protein hydrodynamic properties and nucleant pore diameter.  Chapter 8 describes the crystallisation 
of proteins at ultralow supersaturation, which is attributed to the combined effect of surface porosity 
and surface functional end groups.  The relationship between protein hydrodynamic properties and 
nucleant pore diameter is rationalised for surface preferential crystallisation of target protein from a 
protein mixture and discussed in Chapter 9.  Chapter 10 contains the conclusions drawn from the 
findings of this research and suggestions for future work. 
 
This thesis not only highlights the systematic method developed for protein crystallisation based on 
the relationship between protein hydrodynamic properties and nucleant pore diameter but also 
rationalises the importance of heterogeneous nucleants in developing crystallisation as an alternative 
to conventional protein purification methods. 
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Chapter 2.0 Theoretical Understanding of Nucleation 
Mechanism 
 
2.1 Background 
 
Crystallisation of a chemical species proceeds via two distinct but inseparable steps, known as 
nucleation and growth [1].  Crystal formation from solution is a first order phase transformation, 
which starts with the nucleation that determines many properties of the emerging crystal population 
(e.g. density, size, polymorphism and crystal quality.  It is very difficult to address nucleation 
theoretically as well as experimentally as it represents the first order phase transformation from a 
disordered high energy phase to an ordered low energy phase via an intermediate metastable phase.  
Nucleation occurs via the formation of small embryos of the new phase inside the large volume of the 
old phase [31].    Nucleation can be classified in two main types, primary nucleation and secondary 
nucleation. A classification tree for nucleation is shown in Figure 2.1. 
 
 
Figure 2.1: Classification of nucleation [32]. 
 
Primary nucleation may occur spontaneously (Homogeneous) or it may be induced by presence of 
impurities or other solid particles (Heterogeneous) [32].  Homogeneous nucleation takes places 
spontaneously within the solution without influence of the any other external surfaces.  The presence 
of solid impurities or traces of solids may considerably influence the process of nucleation from 
Nucleation
Primary Secondary(Induced on the crystals 
surface of same 
crystalline material)
Homogeneous
(Spontaneous) Heterogeneous(Induced on the foreign 
particles)
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solution.  In general, it is very difficult to achieve homogeneous nucleation experimentally, as even 
the water used for the preparation of the solutions contain >106 solid particles per cm3 having a size 
less than 1µm that can induce heterogeneous nucleation [32].  Careful filtration can improve the 
situation, but it is virtually impossible to completely remove traces of solids from the solution [7, 32]. 
These impurities may act as nucleation centres.   Heterogeneous nucleation follows similar kinetics to 
homogeneous nucleation.  However, the change in free energy required for inducing nucleation is 
lower for heterogeneous nucleation compared to homogeneous nucleation [32, 33].  Different 
approaches have been applied not only to induce but also to control the nucleation process using 
heterogeneous nucleants, i.e. seeds of different materials with varying physicochemical properties, 
crystalline surfaces and micro-emulsions.   
 
When crystals of the solute are already present in solution, nucleation can more readily occur at 
degree of supersaturation lower than those required for the homogenous route. This phenomenon is 
known as secondary nucleation [32]. Although secondary nucleation is useful in controlling the 
nucleation in inorganic crystallisation, it is not preferred in crystallisation of biological 
macromolecules considering the difficulty in crystallisation of seed material, handling small crystal 
seeds, high cost of the material and growth affected by the impurities involved with the seeding [34].   
 
2.1.1 Mechanism of Nucleation – An Introduction 
 
Before the crystals can form from a supersaturated solution, the system should have some solids 
bodies, embryos, nuclei or seeds, which acts as a centre for nucleation [32].  Nucleation may occur via 
formation of partially ordered or para-crystalline intermediates; in the case of proteins, protein 
aggregates having short-range order, and ultimately yields small, completely ordered assemblies 
which are known as critical nuclei [35].  The formation of critical nuclei is a very complex process to 
envisage as the molecules do not only have to coagulate, but  have to develop some sort of resistance 
against re-dissolution and orient into a fixed lattice [32].  For biological macromolecules, a stable 
critical nucleus may have four to sixteen molecules [36]. However, the information regarding the 
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critical nuclei formation for biological macromolecules is available only for few systems [7, 36].  Any 
further addition of  molecules to the critical nucleus results in subsequent growth of the already 
formed nucleus [32].   The structure of the assembly of the molecules is unknown and it is too small 
to observe directly, although there are  recent reports of the observation of critical nucleus formation 
of ice crystals using scanning tunnelling microscopy [37]. 
 
First efforts to understand the nucleation mechanism report back to the second half of the 19th century 
[33].  The combined efforts of Gibbs et al., Volmer et al. and Becker et al. led to what is now known 
as the classical theory of nucleation.   It is based on the condensation of a vapour into a liquid  and  
can also be extended for melts and solutions [33, 38].  From the perspective of nucleation from 
solution, the nucleus is formed directly from the dilute solution as a result of interaction and 
arrangement of minimum molecules required to cross the free energy barrier required for nucleation 
according to this theory.  Once a stable nucleus is formed, solute molecules from the solution will be 
attached to the nuclei following the  respective growth mechanism [32, 33].  Even after one and a half 
century after its development, classical nucleation theory is still used to provide an explanation of 
many nucleation processes.  Although this theory is widely applicable, the assumptions on which it 
was developed oversimplify the process and restricts its application [39].  Details of the assumptions 
and limitations of classical nucleation theory are discussed in Section 2.2.1.4. 
 
ten Wolde and Frenkel proposed a mechanism for formation of the critical nucleus based on  
statistical fluctuations in solution properties (e.g. density and viscosity). They argued that the 
distinctive high dense liquid phase forms in a concentrated protein solution, which gives rise to 
critical nuclei. This theory also suggests that the crystalline nuclei appear inside metastable clusters of 
sizes up to several hundred nanometres, which consist of dense liquid and are suspended in the 
solution [17-19, 35, 40].  The concept is further explored experimentally by Vekilov et al. providing 
experimental evidences supporting the theory. 
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Growth of macromolecular crystals is a better characterised process than nucleation, and its 
mechanisms are reasonably well understood.  Protein crystals grow principally by the classic 
mechanisms of dislocation growth and growth via two-dimensional nucleation, along with two 
common mechanisms known as normal growth and three-dimensional nucleation [41].  Although a 
common feature of nucleation and growth is that both are critically dependent on what is termed as  
degree of supersaturation giving rise to the crystals, which drives both principal processes and 
determines their occurrence, extent and the kinetics that govern them [6, 34, 42]. 
 
As discussed here, classical nucleation theory (CNT) explains the nucleation mechanism based on 
many assumptions and represents an oversimplified perspective for many systems.  However, it is still 
considered to be a suitable framework for the understanding nucleation phenomenon.  Recently, ten 
Wolde and Frenkel reported on the basis of a simulation and Vekilov et al. on the basis of 
experimental evidences that kinetic predictions of the classical nucleation theory do not coincide with 
experimental observations.  In order to explain the nucleation phenomenon in protein crystallisation, 
ten Wolde and Frenkel proposed a two–step nucleation theory on the principle of critical density 
fluctuations, according to which the crystalline nuclei appear inside metastable clusters of a size up to 
several hundred nanometres.  These clusters consist of a dense liquid and are suspended in the 
solution [19, 35].   
 
2.2 Theoretical Understanding of Nucleation Mechanism 
 
2.2.1 The Classical Nucleation Theory  
 
2.2.1.1 Homogeneous Nucleation 
 
The classical nucleation framework is developed based on the condensation of a vapour into a liquid, 
and this is extended to the nucleation of solid phase from solution or melt.  In the development of 
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CNT, nucleation is postulated to take place under a condition of constant temperature and pressure.  
Under such assumption, the driving force for the transfer of solute molecule (typically protein 
molecules in present case) from the solution to the crystal is considered to be the change in Gibbs free 
energy.  At constant temperature and pressure, changes in the Gibbs free energy of crystallisation is 
defined as 
 
∆ =  ∆! − -∆   
        .... (2.1) 
where, ∆  is change in Gibbs free energy of crystallisation, T is constant temperature, ∆!  is 
enthalpy and ∆  is changes in entropy.  The overall difference in free energy between a spherical 
solid cluster of solute with radius r and solute in solution is equal to the summation of the free energy 
contribution from the change in surface free energy ∆ (difference in free energy between the 
surface of the solute cluster and bulk of the cluster) and change in volume free energy ∆ (difference 
in free energy between solute cluster having r = ∞ and the solute in solution) 
 
∆ = ∆ + ∆ 
.... (2.2) 
The change in surface free energy is expressed as a product of the surface area of the solid solute 
particle (A) and specific surface energy of its surface (γ) 
 
∆ = /0 
.... (2.3) 
When the concentration () of solute in the solution is higher than the solubility () at corresponding 
temperature, such solution is known to be supersaturated.  Crystal nucleation occurs in a 
supersaturated solution.  The change in volume free energy is given by the difference in chemical 
potential of n molecules in solution and solid phase.   
 
- 13 - 
 
∆ = −23) −  )) = −2∆) 
.... (2.4) 
Accordingly, the chemical potential of the solute µ in the solution is greater than the one at 
equilibrium µe, which is equal to the chemical potential of the crystallising material in the crystals, 
)4).  The chemical potential can be expressed as ) =  )% + 5-62( and ) =  )% + 5-62(, 
where ( and ( are the activity coefficients of the solute in the crystallising solution and solution with 
equilibrium concentration  .  The )% is the chemical potential in the standard solution.  The driving 
force for nucleation in terms of chemical potential is ∆) =  ) −  ) .  Often, it is assumed that the 
activity coefficient of the solute in the crystallising solution and solution with equilibrium 
concentration are equal.  Hence, the nucleation driving force in such condition is 
 
∆) = 5-62 7 89 = 5-623)  
.... (2.5) 
Crystal formation from solution is a phase transition from a liquid to an ordered solid phase which is 
characterised by a non-zero latent heat and the crystallisation enthalpy ∆!  discussed above.   The 
discontinuity of the concentration at the phase boundary is the second feature of a first order phase 
transition, which is more important for the kinetics of nucleation.  Due to this discontinuity, the 
solution-crystal boundary has non-zero surface free energy barrier, which is required to be overcome 
in order to form new phase.  The formation of a new phase in which the kinetics of phase 
transformation is determined by the surface free energy barrier is known as nucleation.  If the 
condensed phase is formed in the supersaturated solution, the surface free energy of this phase makes 
the process of nucleation unfavourable and leads to the formation of precipitates.  
 
Replacing the value of ∆ and ∆  in the equation (2.2) results in following form of the equation,  
 
∆ =  /0 + 3−2∆)) 
.... (2.6) 
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It is assumed that the solid cluster is spherical with radius r and v is the molar volume occupied by a 
solute molecule in cluster.  In a supersaturated solution (∆) > 0), the formation of a cluster having n 
molecules leads to a free energy loss of - 2∆), where 2 = </=>?@ .  Once the cluster is formed, the 
creation of a phase boundary with area A and surface free energy 0 between the cluster and solution 
results in surface free energy gain of /0 = 4B&0.  Hence, the free energy barrier as a function of 
radius of the spherical nucleus is expressed in equation (2.7) and the dependence is plotted in Figure 
2.2.  This expression is known as the Gibbs Thompson expression for the free energy of a liquid 
droplet condensing from vapour. 
∆ =  − 4/3B&=* ∆) + 4B&0 
.... (2.7) 
 
 
Figure 2.2 The energetic of critical nuclei 
formation as a function of radii of cluster [43]. 
Figure 2.3  Variation in free energy required to 
form critical nuclei as function of supersaturation 
(where,  = /  i = 1, 2, 3)[43]. 
 
Figure 2.3 schematically represents the effects of supersaturation on the Gibbs Thompson expression.   
∆ increase with radii of cluster (r) until a critical value 3∆∗) is reached and then it decreases.  To 
reach the critical size of the nucleus, the solution needs to overcome an activation barrier.  The value 
of critical radii r* can be calculated by differentiating the equation (2.7) with respect to r and set it to 
zero. 
D∆D& =  − 4B&* ∆) + 8B&0 = 0 
.... (2.8) 
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&∗ = |2*0/∆)| 
.... (2.9) 
By substituting value of r* into equation (2.7), the critical value of ∆∗ , which is an activation 
barrier, is given: 
 
∆∗ = 16B*0=3∆) =  16B*0=335-623)) 
.... (2.10) 
It is clear from Figure 2.3 and equation (2.9) and (2.10), r* and ∆∗are in inverse proportion to the 
supersaturation and as  =  it approaches infinity and at such conditions no nucleus is formed, 
whereas C>>Ce, r* approaching minimum.   
 
It can be concluded from this, nucleation is a probabilistic phenomenon.  Fluctuations of the density 
in the concentrated solution are considered to be unpredictable, and assumed to play critical role in 
nucleation [35].  The probability of fluctuations in the free energy barrier required to obtain 
nucleation is predicted by Boltzmann’s distribution law.   
 
The probability for formation of nucleus size i+1 to be formed from a nucleus size i is exp3∆MNO ), 
where ∆ is the change in free energy associated with the addition of a growth unit to a cluster of 
size i. Consider the frequency of nucleation (J) as the number of nuclei formed per unit volume per 
unit time, which is having size higher than critical nucleus size. 
 
" = 5%exp 3−∆∗5- ) 
.... (2.11) 
where k0 is constant, which is related to the kinetics of attachment of growth units to the forming 
cluster and postulated to depend on the viscosity of solution, molecular charge, molecular volume and 
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density of the solution [21, 43].   Substituting the value of ∆∗ in equation (2.11), the nucleation rate 
can be expressed as, 
" = 5%exp 3− 16B*0=335-)=3623))) 
.... (2.12) 
It is important to note here that the shape factor in the exponential term, 16pi/3 is only valid for the 
assumption of a spherical cluster. The exponential term in the equation (2.12) is related to the change 
in free energy required to induce nucleation; hence, important for obtaining thermodynamic 
information about nucleation.     
 
Figure 2.4 Effect of degree of supersaturation on rate of nucleation [43]. 
 
The solubility diagrams, known as Ostwald-Myers diagrams, are easy to understand using nucleation 
kinetics.  The exponential term in the equation (2.12) controls the rate of nucleation.  The rate of 
nucleation as a function of supersaturation (S) is shown in Figure 2.4.  It is evident that the nucleation 
rate is very low or approaching zero in the region of supersaturation ranging from S=1 (equilibrium) 
to S=S*, which is known as the metastable zone.  In a typical Ostwald-Myers solubility diagram, the 
metastable zone is bound by two different curves.  The lower limit of the metastable zone is the 
solubility curve (S=1), which represents the equilibrium concentration of solute concentration as a 
function of variable parameter, i.e. temperature, solvent type and concentration, buffer concentration 
etc.  The solution located on this curve is of thermodynamic nature and no nucleation event can be 
observed for infinite duration.  The upper boundary of the metastable zone is termed supersolubility 
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(S=S*), which is kinetic in nature.  The probability of nucleation at this curve is 1 and the 
instantaneous nucleation can be observed.   
 
The location of the supersolubility curve depends on the level of supersaturation as well as the route 
adopted for achieving supersaturation.  This phenomenon is of particular interest for protein 
crystallisation where nonequilibrium crystallisation techniques are used, e.g. vapour diffusion and 
counter diffusion techniques. To explain this phenomenon in detail, a hanging drop vapour diffusion 
experiment is chosen as an example.   Here, precipitant concentration in the droplet changes as a 
function of time at constant temperature following path B shown in Figure 2.5.   If the experiment 
crosses the metastable zone quickly, it will end up in the zone of higher degree of supersaturation 
before inducing nucleation resulting in showers of crystals3.  In this scenario, the metastable zone 
width is narrowed down.  From the example given herein for nonequilibrium crystallisation, crystal 
size, density and structural quality is not only a function of supersaturation but also rate of achieving 
supersaturation as well. 
 
Figure 2.5 A typical schematic of the protein crystallisation phase diagram representing protein 
concentration as a function of precipitant concentration. Routes adopted by (a) A-batch (b) B-vapour 
diffusion (c) C-dialysis and (d) D-free-interface diffusion methods are shown in the schematics [11]. 
 
 
                                                           
3
 Uncontrolled nucleation at high supersaturation results in formation of copious crystals of size lower than 
5µm.  Such phenomenon is referred as showers of crystals. 
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Any solution within the metastable region is in the probability window for nucleation to occur given 
sufficient time.  The induction time is a function of supersaturation: the higher the supersaturation the 
lower the induction time.  Induction time (τ) is an important parameter to understand nucleation 
kinetics and defined as the time required to form nuclei from establishment of supersaturation.  
Induction time is inversely proportional to the nucleation rate and can be expressed as function of 
supersaturation (S) as follows: 
 
log S = 5% + T 16B*0=2. 3=. 335-)=V 136WX3)) 
.... (2.13) 
Equation (2.13) represents a linear relationship between induction time (log S) and 3YZ3))[ and the 
slope of is represented by \ = 7 ]>@[^?.=?.=3O)?9. 
 
The induction time 3S) is difficult to measure experimentally. However, the waiting time until the 
microscopic observation of first crystals can be measured experimentally [32].  Waiting time is the 
summation of three factors, time needed to form stationary size distribution of precritical clusters (td), 
time needed to form critical nucleus from the precritical clusters (tn) and time required to grow the 
nuclei formed to a size detected by microscopic observations (tg) [32, 44]. 
 
_` = _a + _b + _Z = S + _Z 
.... (2.14) 
For estimating induction time from the experimental information available, it is essential to separate 
growth from nucleation and estimating tg. Induction time information has been experimentally 
reported for small molecules.  However, only a report by Galkin and Vekilov provided similar 
information for proteins.  Galkin and Vekilov used the equation (2.13) to plot linear relationship 
between (log S) and 3YZ3))[ for apoferritin and at constant temperature.  Knowing the value of γ they 
estimated the value of the critical nucleus size [45, 46].  
- 19 - 
 
2.2.1.2 Heterogeneous Nucleation 
 
As discussed before, the probability fluctuations for the formation of nuclei under homogeneous 
conditions are uniform over the bulk of solution and when supersaturation is sufficiently high to 
overcome the activation barrier.  The influence of uncontrollable experimental parameters, e.g. large 
impurities, dust particles, surfaces are unavoidable in practice.  The surface influence is 
experimentally found to be responsible for locally increasing the probability of nucleation as 
compared to other locations in the system [32].   
 
Foreign body inclusions or heterogeneous nucleation in the solution can cause nucleation at lower 
degree of supersaturation as compared to homogeneous nucleation.  The overall change in Gibbs free 
energy required to induce heterogeneous nucleant is lower than Gibbs free energy change required for 
homogeneous nucleation.   
 
∆ =  c∆ ;  c < 1 
.... (2.15) 
It is evident from equation (2.15) that the interfacial tension is the key term affecting the rate of 
nucleation.   Figure 2.6 explains interfacial energetic of the three phases in contact, heterogeneous 
nucleant, solid crystal and solution (two solid and a liquid phases).  Interfacial tension between the 
phases in contact is denoted by γcl, interfacial tension between crystalline solid and liquid phase, γsl, 
interfacial tension between heterogeneous nucleant and liquid phase and γcs interfacial tension 
between crystalline solid and heterogeneous nucleant surface.  Solving the interfacial tension in 
horizontal direction  
0Y = 0 + 0Y . fWgh 
.... (2.16) 
 Crystalline Deposit 
γcl
γcs
Figure 2.6 Interfacial tensions between boundaries of three different phases (crystal phase, 
heterogeneous nucleant phase and liquid phase)
 
Here, the angle θ is the angle of contact between 
nucleant surface.  The factor c in the 
geometric calculations as follows:
θ = 180o; ϕ = 1;  ∆  ∆
0< θ<180 o; ϕ < 1; ∆ : ∆
 
Figure 2.7  Effect of heterogeneous nucleation on reduction of free energy barrier  as a function of 
contact angle formed by the solution droplet with substrate 
 
Figure 2.7 shows the reduction in free energy of 
with the substrate.  There are numerous experimental reports of the crystallisation of macromolecules 
on different types of surfaces [23
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θ
 [32]. 
the crystalline deposit and 
equation (2.15) was defined by Weber and Volmer based on the 
 
c  32 . fWg h131 , fWg h1

4  
,  
 
[43]. 
the nucleation barrier as a function of contact angle 
, 26, 28-30, 47].  The equation here only considers wettability as 
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Ghomo 
 
the heterogeneous 
.... (2.17) 
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measure of change in energy.  This may be an oversimplified prediction and may not explain the 
effect of surface-protein interaction.  Poor understanding of these interactions makes the nature of the 
approach empirical [43].   
 
2.2.1.3 Major Assumptions of Classical Nucleation Theory 
 
Classical nucleation theory was developed based on the assumption providing over simplified 
explanation of nucleation process.  Major assumptions of the classical nucleation theory are as 
follows: 
 
1. The clusters of radius r are assumed to be spherical (droplet model).  They are clusters with 
sharp interfaces and have uniform interior density.  The density of droplets is assumed to be 
independent of its size.  Density of all condensed droplets is assumed to be equal.  For 
crystallisation of solids from solution, this assumption represent all individual building blocks 
are ordered and suggest that the molecular arrangement in an embryo formed from the 
solution is identical to the molecular arrangement in a crystal. 
2. Size and curvature dependence of surface tension of a liquid droplet is neglected [48].  Effect 
of temperature on surface energy is neglected [49]. 
3. Collision between formed clusters is neglected.  Breakage of pre-existing clusters into two or 
more smaller clusters is neglected.  Clusters are only postulated to grow via addition of one 
monomer at a time.  Clusters are also assumed not to undergo transitional, vibrational or 
rotational motion [39]. 
4. At the onset of supersaturation, a stationery distribution of equally sized subcritical solute 
clusters is assumed to be achieved.  The rate of nucleation is time dependent and the process 
of nucleation is considered to follow steady state kinetics [19]. 
5. Formation of cluster is considered to be independent of surrounding vapour state, with the 
assumption of incompressible clusters. The vapour surrounding the clusters is an ideal gas 
with constant pressure [19]. 
- 22 - 
 
 
2.2.1.4 Limitations of Classical Nucleation Theory 
 
Prediction of Nucleation Rate 
Classical nucleation theory, even after using the accurate values of all relevant parameters, predicts 
the value of the nucleation rate orders of magnitude higher than the experimental value from accurate 
experiments, e.g. prediction of water condensation rate, classical nucleation theory predicts 1-2 order 
of magnitude higher value of nucleation rate compared to expansion cloud chamber experiments [50, 
51]. 
 
Temperature Dependencies of Nucleation Rate 
The dependency of the nucleation rate on temperature predicted by classical nucleation theory is 
found to disagree with experimental findings.  The qualitative trend of the nucleation rate as a 
function of temperature predicted by classical nucleation theory is found to be in correct order. 
However, multiplicative correction factors are to be used for predicting experimentally agreeing 
predictions.  
 
Binary Component Nucleation 
Classical nucleation theory assumes the composition of droplets to be uniform.  The composition of 
droplets of the solvent water mixture, e.g. ethanol-water or acetone-water is found to be significantly 
different for the surface and bulk of the droplet as a result of surface enrichment effect.  For such 
systems, the nucleation rate and surface energy depends on the composition of critical nucleus; hence, 
classical nucleation theory fails to predict the nucleation behaviour [52, 53]. 
 
Dynamic Rate of Nucleation 
A transition time is required to form the steady state distribution of subcritical clusters.  Provision of 
such transition time is not taken into account in the development of classical nucleation theory [54].  
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The theory is developed with the assumption of a steady state nucleation rate, which suggest that the 
size distribution of subcritical of critical clusters does not change with time [55]. 
 
Validity of thermodynamic description of macroscopic liquid droplet to clusters of a few 
molecules 
 
Classical nucleation theory assumes critical clusters to be of spherical shape and with sharp interfaces 
with uniform surface energy.  It is reported that this assumption fails to hold for clusters of 20-50 
molecules, where the interface is sharply curved and changing surface energy [38].  Furthermore, the 
properties of clusters formed of few molecules cannot be divided into volume and surface 
characteristics.  Hence, concept of surface tension is wrongly applied to these clusters.  Yau and 
Vekilov further reported that clusters having molecules less than 100 do not possess spherical shape.  
With atomic force microscopic measurements, they reported that the critical nucleus for apoferritin 
contains 20 to 50 molecules arranged in planar arrays of one or two monomolecular layers [56-58].  A 
planar shape of the critical nuclei cannot be explained by the shape of molecular cluster as assumed 
for classical nucleation theory. 
 
On the basis of experimental observations Vekilov reported the critical cluster was formed of 1 to 10 
molecules for lysozyme.  This  contradicts the assumption of classical nucleation theory that near-
critical cluster should have a molecular arrangement identical to the one of molecules in crystals 
considering the fact that such a small number of molecules cannot form tetragonal arrangement as 
typically observed in lysozyme crystals [20]. 
 
Nucleus Size is the Only Criteria and No Information of How to Reach from Solution to 
Crystals 
 
Classical nucleation theory provides details of the critical nucleus size as well as nucleation rate, but it 
fails to provide any details on the structure of aggregates or the route of formation of crystals from 
solution [59].  The most significant limitation of classical nucleation theory is,  size is the only criteria 
to determine whether aggregates form nuclei or not.  It fails to provide any information on the 
structural organisation of molecules within the cluster. As classical nucleation theory is developed for 
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describing condensation of a vapour in to a liquid, the theory assumes simultaneous fluctuations along 
both ordered parameters, density and periodic structure arrangement of molecules and as a 
consequence it fails to represent the crystallisation where both these parameters do not fluctuate 
simultaneously and one parameter dominates critical nucleation and serves as precondition for the 
other ordered parameter [60]. 
 
Recently, various simulation studies, theories and experimental evidences allowed to propose an 
alternative mechanism of crystal nucleation. Crystal nucleation was described in a more logical 
manner where  the structure fluctuations follows and superimposes the density fluctuations: two-step 
nucleation theory [35] . 
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2.2.2 Two Step Nucleation Theory 
 
2.2.2.1 Homogeneous Nucleation 
 
Classical nucleation theory is considered as a conceptual thermodynamic frame work to understand 
the process of nucleation.  The result of experimental and theoretical studies related to the inorganic 
and small organic molecules.  Here, the analogy of classical nucleation may apply.  However, 
nucleation of biological macromolecules is very complex compared to inorganic molecule, 
considering molecule size, presence of flexible domains and possibility of interactions.  
 
As per the classical mechanism, the number of interconnected protein molecule should be 
proportional to the number of nuclei formed. According to ten Wolde and Frenkel,   the number of 
molecules increases while the number of crystals formed is essentially nil up to a certain value, which 
represents the minimum energy barrier required to for formation of high dense phase due to density 
fluctuations [35].  Then, beyond a certain critical size, increases in number of molecule is proportional 
the nucleus formed.  The experimental confirmation of the mechanism proposed by ten Wolde and 
Frenkel is provided by Vekilov et al. using lysozyme, ribonuclease A and other known as difficult to 
crystallise protein systems, e.g. sickle cell haemoglobin, haemoglobin variants (oxy-HbA, oxy-HbS 
and deoxy-HbS), glucose isomerise and lumazine synthase [17-20, 40, 46, 57, 58, 61, 62].  Vapour 
diffusion and/or batch crystallisation methods were used for the conduction of homogeneous 
nucleation experiments [17-20].  On the basis of experimental findings and the model developed by 
ten Wolde and Frenkel, a two step nucleation mechanism is proposed [19]. 
 
The basic frame-work of the two step nucleation mechanism is based on classical nucleation theory 
only.  The thermodynamic explanation is provided with slight modification in the original theory 
proposed by Gibbs.  Here, the free energy balance is considered on the basis of n molecules of size a, 
instead of cluster of molecules with radii r.  In addition, the crystal cluster is also assumed to be 
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cubical in shape as compared to Gibbs’ assumption of sphericity [33].  The free energy equation 
derived on this basis is: 
 
∆32) =  −2∆) + 6i2 =j 0 
.... (2.18) 
In the development of equation (2.7) and (2.18) it is assumed that the solution molecules’ (once 
attached to each other) probability of separation is very low, which provides additional stabilisation of 
the nuclei formed [40].   The other assumption is, solution molecules are directly attached to the 
cluster of molecules formed. This is not the case in crystallisation from solution.  In order to 
understand this argument, the phase diagram of a colloidal solution under constant pressure and 
concentration of the solution as a function of temperature, needs to be understood.  This typically 
contains three phases: a dilute solution, dense liquid and crystalline phase.   Ordered parameters are 
needed to distinguish the three phases present.   
 
In the case of protein or colloidal solutions, the concentration difference can be used as a parameter to 
distinguish between dilute solution and dense liquid, where structure is the deciding factor between 
the dense liquid and crystal.  The dilute solution and crystals have a difference in concentration and 
structure.  Hence, the solution crystallisation of proteins can transit along two parameters, e.g. 
concentration and structure.  As per the assumptions made in the development of equation (2.7), the 
crystal nucleus formed directly from the dilute solution without passing through any of the ordered 
parameter.  The diagonal path shown in the Figure 2.8(a) is representative of the classical 
mechanism.  In contract, a more logical path that  transit though concentration and structure in 
sequential manner is shown in the Figure 2.8(a) using the dashed red line.  
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Figure 2.8 Schematic representation of two step nucleation mechanism of nucleation.  It is proposed 
that the crystals are formed with in the cluster of high dense liquid, which is having higher 
concentration of solute as compared to dilute solution [17-20]. 
(a) Microscopic view point. 
(b) Macroscopic view point. 
(c) Free energy required to form high energy phase as a function of rate of nucleation. 
 
 
The two step nucleation mechanism suggests that the formation of crystals from a dilute solution 
follows a path in which the formation of dense liquid phase from the dilute liquid takes place 
(difference in concentration) followed by formation of nuclei from the dense liquid phase (as 
schematically represented in Figure 2.8(b).  Figure 2.8(c) explains the free energy barrier 
consideration for the mechanism proposed here.  If the dense liquid is unstable ∆% > 0 (where ∆%  is standard free energy of formation of dense liquid phase), the dense liquid exists as clusters 
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and transforms to ∆% , which explain the path of upper curve.  The upper curve represents the more 
common case where the dense liquid droplet is not stable, but has a higher energy level compared to 
the dilute solution.  In such case, the dense liquid is restricted to metastable clusters.   On the other 
hand, if the dense liquid phase is stable ∆% < 0, first the formation of cluster of dense liquid is 
formed by crossing the energy barrier ∆∗ following the same the crystals are formed from the dense 
liquid phase by crossing the free energy barrier 3∆∗) required for formation of critical nucleus size.  
If the dense liquid phase is stable compared to the dilute liquid phase, crystal nucleation takes place 
within the stable macroscopic droplets of the dense liquid phase [17-20]. 
 
2.2.2.2 Experimental Data on Nucleus Size and Solution to Crystal Spinodal 
 
To further explain the mechanism of nucleation of crystals from solution, Vekilov et al. used 
lysozyme as the model protein system[61].  The data published by Vekilov et al. on the dependency 
of nucleation rate on supersaturation for lysozyme protein crystal is reproduced here for the 
explanation of the phenomenon [61].  The dependence of the homogeneous nucleation rate of 
lysozyme crystals on supersaturation (k = 623)) at three different precipitant concentration is shown 
in Figure 2.9.  The nucleation rate increases exponentially with increasing degree of supersaturation 
and is in line with the expectation that the homogeneous nucleation rate increases at higher degree of 
supersaturation.  A peculiarity was reported by Vekilov et al. in the dependency shown in Figure 2.9 
[45, 46, 61]. 
 
Dependence of nucleation rate at 4% precipitant concentration breaks at protein concentration 
33.5mg/mL and for the section above this concentration, the nucleation rate was observed to be steady 
as supersaturation increases. 
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Figure 2.9 Dependence of rate of homogeneous nucleation of lysozyme crystal on supersaturation at 
temperature T=12.6oC and at three concentration of NaCl concentration as indicated on plots.  Solid 
lines fit with exponential function, where as dotted lines fits with nucleation rate expression of 
classical nucleation theory.  Vertical dotted lines represents liquid liquid coexistence boundary at 
experimental temperature and NaCl concentration 4% (lysozyme concentration 67mg/mL; σ=3.9) (a) 
linear co-ordinates (b) semi-logarithmic coordinates [46]. 
  
 
To understand this phenomenon, it is essential to understand the nucleation theorem to estimate the 
size of the critical nucleus at a given crystallisation conditions.  The nucleation theorem provides an 
estimate of n* from the nucleation rate J [33], 
 
2∗ , 2%  5- l62"l∆) + ( 
.... (2.19) 
where ( is a correction, which is found to have values between 0 and 1 [63], n* is the number of 
molecules in a critical nucleus; and n0 corresponds to the number of molecules displaced by nucleus, 
which is estimated to be less than 1.  It is evident from Figure 2.9 (b) that the n* does not change with 
increasing supersaturation for precipitant concentrations of 2.5% and 3%. However the nucleus size 
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changes for precipitant concentration 4% at k  3.1, which corresponds to a protein concentration of 
33.5mg/mL.  The protein nucleus sizes n* – n0 extracted from the linear segments of Figure 2.9 (b) is 
reported to be 10, 4, 5 and 1 molecules respectively.  It is evident from here,  the abrupt breaking in 
dependence of nucleation rate on supersaturation can be attributed to the change in nucleus size. 
 
A nucleus size of n* – n0=1 means every solute molecule within the high dense phase can be the 
embryo for the crystalline phase and growth of clusters depends on a free energy gain.  Hence, in this 
condition the change in free energy required to form nuclei ∆∗ is lower than the thermal energy of a 
solute molecule.  This can be analogous to the spinodal phase line phenomenon defined for nucleation 
on one fluid in another fluid.  Under such phase line, the thermodynamic nucleation barrier vanishes 
and the rate of nucleation of the new phase is only controlled by the kinetics of growth of clusters.  
The solution-to-solid-phase transition is of interest here and the experimental evidence discussed is 
one of which a mean-field free energy expression covering both liquid and solid phase cannot be 
formulated.  The thermodynamic definition of solution to solid spinodal is impossible considering that 
an inflection point in the dependence of change in free energy on the order parameter along which 
phase transition occurs is used to define spinodal.  The kinetic definition of spinodal can be provided 
based on the transition to nucleus size of single molecule, where thermodynamic nucleation barrier is 
negligible [64, 65].   
 
2.2.2.3 Heterogeneous Nucleation 
 
 
The rate of nucleation derived from the two step nucleation mechanism depends on two parameters 
either ∆∗, "% or ∆∗, "% .  Crystal nucleation from the dense liquid phase is governed via 
parameters ∆∗ and "%.  Since crystal nucleation occurs within the high dense liquid phase, which 
represents the conditions of the solution to crystal spinodal, ∆∗ is very small or may be approaching 
0, hence the most important parameter is "%.  This conclusion highlights the fact that heterogeneous 
nucleants are not important in lowering the supersaturation required to induce nucleation by lowering 
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free energy barrier required for formation of nuclei.  This is a classical view point but important for 
assisting the formation of ordered cluster by controlling  "%.  There are many possible mechanisms 
that facilitate the growth of ordered clusters.  The most obvious one is the stabilisation of an 
intermediate en route to the right crystal structure.  This is very similar to the pathway followed by 
enzymes in stabilising a transition state and not final products of the enzyme-catalysed reactions, 
alternatively, growth of the ordered clusters following the epitaxial texture of the heterogeneous 
nucleant surface [17-20]. 
 
2.3 Summary  
 
Overview of the two main nucleation theories, the classical nucleation theory and the two-step 
nucleation theory are presented in this chapter.  The classical nucleation theory is detailed 
highlighting the major assumptions and its limitation in explaining the process of crystal nucleation 
from solution.  Two-step nucleation theory, which relies on critical density fluctuations, proposed 
initially to explain the nucleation process in protein crystallisation, is discussed briefly.  The 
experimental data published on the effect of supersaturation on critical nucleus size and solution to 
crystal spinodal is also rationale using two-step nucleation mechanism.  Furthermore, heterogeneous 
nucleation is also discussed here from the perspective of classical nucleation theory as well as the 
two-step nucleation theory for protein crystallisation. 
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3.0  Influence of Nucleant Surface Properties on Protein 
Crystallisation 
 
3.1 Background 
 
Protein crystallisation literature is oriented towards the use of micro crystallisation techniques, and 
mechanisms proposed for nucleation and growth of the crystals from the perspective of structural 
determination only.  Although, two different homogeneous nucleation mechanisms have been 
proposed, it is inevitable to avoid external influence, e.g. heterogeneous nucleation as discussed 
earlier in Chapter 2 of the thesis.  Application of heterogeneous nucleants in protein crystallisation 
has been explored in the last 20 years.  Many different surfaces have been investigated to verify its 
effect on nucleation and crystal growth of proteins. 
 
On the basis of structural and surface characteristics, nucleant surfaces applied to control nucleation 
are classified in four different groups.  The first report of an application of surfaces for controlling 
nucleation was reported about two decades ago.  Crystalline mineral surfaces were used as the 
nucleant for four different model proteins [23].  In continuation of this study and to verify the 
influence of patterned surfaces on the crystallisation of proteins, structured membranes, peptide 
monolayer, layered silicate and Langmuir-Blodgett monolayer have been evaluated during the first 
decade of the 21st century. Such class of materials were reported to induce nucleation based on 
epitaxial growth [24, 66-69].  
 
The porous surfaces are classified as the second group of nucleants.  Different types of materials 
(porous silicon, bioactive glasses, nanoporous gold, porous glasses) with broad pore size distribution 
and disordered pore structure have been observed to have an influence on the induction time of 
nucleation and protein concentration required for crystallisation.  The crystals were observed at lower 
induction times on porous nucleant surfaces and the protein concentration required for crystallisation 
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was also lower compared to the same required on nonporous glass cover slips.  No success was 
observed on VPI-5 and MCM-41 type of alumina-silicate surfaces with pore diameter up to 5nm, 
narrow pore size distribution and structured pore arrangement [25, 47, 70].  Experimental evidences 
for porous surfaces can promote nucleation more effectively as compared to smooth surfaces were 
provided in the literature [25, 26, 71].   
 
Non-porous surfaces functionalised with randomly distributed functional groups are classified as a 
third type of material, which are reported to induce nucleation due to surface chemistry.   Rough 
polymeric surfaces with specific wettability behaviour as well as carbon nanotube based materials 
have been used as nucleants and are reported to promote nucleation and improvements in the crystal 
quality.  The success of such a material is attributed to the effect of surface roughness and surface 
wettability [24, 72].  Polystyrene films exposing sulfonate groups, application of bio-polymeric 
matrices with different surface charges and mica with randomly distributed functional groups have 
been used as nucleants.  The electrostatic interaction between charged residues of the protein 
molecule and the ionisable groups on the functionalised surfaces has been suggested to be responsible 
for controlling nucleation in these systems [28-30]. 
 
The fourth class of surfaces for proteins crystallisation are biopolymers and bio-minerals, which are 
crystalline surfaces with a somewhat controlled roughness.  Human and equine  hairs and streak have 
been used as nucleants to induce crystallisation of proteins at lower protein concentration and the 
quality of crystals obtained was also found to be improved [73-76].   
 
This chapter provides a detailed review of the literature reporting different types of nucleant materials 
employed, highlighting advantages and disadvantages of different classes of materials. 
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3. 2 Effect of Nucleant Surface Properties on Crystallisation 
 
3.2.1  Surface Epitaxy 
 
Shlichta and McPherson proposed widely used approach for controlling nucleation of inorganic 
compounds from a melt or supersaturated solution, e.g. growth of GaAs crystals on the surface of 
crystalline silicon [77].  The crystalline mineral surfaces have periodic arrays of chemical 
functionalities.  These were thought to interact with the amino acids, e.g. arginine, glycine of the 
protein, resulting in an ordered arrangement of protein molecules resulting in crystalline form, as a 
result of epitaxial growth (Figure 3.1 (a)).  Alternatively, the imperfections and defects on the 
crystalline mineral surfaces are hypothesised to serve as a heterogeneous nucleation sites and result in 
the crystallisation of proteins (Figure 3.1 (b)).  To verify the hypothesis, crystallisation of four 
different model proteins, e.g. lysozyme, canavalin, catalase and concanavalin B, on the surfaces of 50 
different mineral surfaces was studied [23].  Each protein was observed to crystallise at lower critical 
supersaturation on the surfaces of a set of minerals out of 50 mineral surfaces used.  Furthermore, 
different crystal habits of a protein were observed on different mineral surfaces suggesting the use of 
epitaxy as an important phenomenon to control crystal habits [23].  Although different crystal habits 
were observed on the surfaces of crystalline minerals, the crystal growth of most of the proteins on the 
surfaces of mineral crystal faces was observed in random orientation and no mutual alignment of 
crystalline faces was observed.  Only lysozyme was observed to crystallise in axial alignment with the 
mineral aphophillite.  The morphological edges of the protein and mineral were found to be parallel 
and excellently  match the  lattice spacing of crystalline lysozyme with different crystal faces of 
aphophillite confirming evidence of epitaxial growth [23]. 
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Figure 3.1 Mechanisms of heterogeneous nucleation on crystalline mineral surfaces (a) epitaxial 
growth (b) crystal defects as a site for nucleation. 
 
Kimble et al. and Paxton et al. explored the effect of mineral epitaxy on the crystallisation of 
lysozyme using freshly cleaved crystal planes of five different minerals including aphophillite, which 
exhibits different degrees of lattice matching to the known form of lysozyme crystals [78, 79].  
Freshly cleaved aphophillite (110) and topaz (001) , which has the closest lattice match to lysozyme, 
resulted in a significantly higher  number of lysozyme crystals attached to the surface compared to the 
non-cleaved aphophillite and topaz minerals[78].  High yield and purity of lysozyme was obtained on 
the surface of specifically cleaved aphophillite and topaz mineral surfaces corroborating the effect of 
epitaxy on crystallisation reported by Shlichta and McPherson. Nucleation was observed to be faster 
for the aphophillite and magnetite as compared to other minerals [78, 79]. 
 
In an alternative approach, Edwards et al. used 2D-protein crystals to induce nucleation of 3 
dimensional protein crystals using expitaxy of the 2D-protein crystals.  2D crystals were formed on a 
glass surface modified with lipid layers [80].  Specific interaction of proteins with the lipid selected or 
binding ligand attached to the lipid resulted in formation of a 2D crystalline protein surface.  
Crystallisation of three different proteins (streptavidin, poly II ∆4/7 and Epstein-Barr virus nuclear 
antigen 1 (EBNA1)) was obtained at a 100-fold lower critical supersaturation on the surfaces of 2D 
crystalline protein prepared on the lipid layer [80, 81].  Epitaxial growth on a lipid by layers was 
found to obtain crystals with high reproducibility. However, the difficulty in the preparation of 2D-
protein crystals has prevented the application of this method [25, 80]. 
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As discussed in this section, epitaxial growth is evidently reported to influence crystal nucleation and 
considered as a systematic approach for obtaining protein crystals.  However, lack of knowledge of 
lattice parameters for proteins not crystallised before limits the application of this approach. 
 
3.2.2 Surface Porosity 
 
3.2.2.1 Pore Size 
 
Chayen et al. investigated the effect of disordered surface porosity and wide pore size distribution on 
the crystallisation of biological macromolecules [25].  Different porous materials with wide pore size 
distributions, e.g. porous silicon, mesoporous bio-glass, nanoporous gold and molecularly imprinted 
polymers are used as a nucleant and reported to be successful in crystallising proteins [25, 27, 47, 70].  
It was hypothesised that pores on the surface confine protein molecules from solution and promote 
nucleation.   
 
Saridakis et al. proposed a theoretical model based on statistical modelling suggesting that surfaces 
with wide pore size distribution causes rapid nucleation of proteins and are also suitable for 
crystallising more than one protein.  They floated the idea of a universal nucleant and proposed that a 
surface with wide pore size distribution can be a suitable candidate for crystallising different proteins 
with ranging molecular weights (Figure 3.2).  Such surfaces have pores varying in size and only few 
pores are suitable for a particular protein to nucleate and result in crystallisation of more than one 
protein on the same surface.  Saridakis et al. demonstrated the crystallisation of 14 different proteins 
on a bioglass surface with wide pore size distribution (ranging from 2-10nm) [9, 26].  It is also argued 
that the lack of selectivity exhibited by these materials is one of their primary benefits.  Furthermore, 
it is reported that surfaces with tuned pore diameter and narrow pore size distribution, i.e. MCM-41 
and VPI-5, failed to influence nucleation of biological macromolecules [25, 26].   
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Figure 3.2 Schematics demonstrating the concept of universal nucleant. 
 
For the crystallisation of biological macromolecules, it is reported that a  maximum nucleation rate 
can be achieved when the nucleant pore diameter is equal to the critical nucleus size of a particular 
protein molecule [82].  Sear et al. and van Meel et al. also proposed models for crystallising proteins 
within the porous substrate and concluded that due to the lack of understanding on a molecular level, 
rational design of nucleant surfaces is held back.  It is further reported that the template strategy with 
specific pore diameter and narrow pore size distribution may fail due to the lack of understanding of 
the relationship between pore diameter and protein lattice parameters or physicochemical properties 
[82, 83].  Van Meel et al. proposed a simulation based understanding of protein crystal nucleation 
within nano scale pits.  It is reported that the nucleation mechanism in the cylindrical pores follow 
two steps: capillary condensation of protein solution in the pores followed by rapid nucleation.  It is 
also revealed by the simulation that protein molecules interact with the pore walls, i.e. when surface is 
rough and amorphous crystals grow without defects [83].   
 
3.2.2.2 Pore Shape 
 
The importance of the nucleant pore diameter on the crystallisation of organic molecules of 
therapeutic importance is explored.  However and until very recently, all other attributes of pores have 
been ignored.  Diao et al. recently reported the effect of pore shape in controlling nucleation and 
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crystallisation of small organic molecules [84].  Diao et al. used lithographic methods to prepare pores 
of different shapes ranging in pore diameter 15-120nm on polymeric surfaces. For the nucleation of 
small organic molecules, aspirin is reported to be hindered by the spherical pore shape, whereas 
nucleation was found to increase with the angular shape of pores.  Furthermore, the nucleation 
kinetics are reported to be affected by the change in order of orientation of crystallising molecules 
near pore angles [84, 85]. 
 
In the protein crystallisation literature, focus on current research efforts is on understanding the 
relationship between nucleant pore diameter and protein physicochemical properties. However, any 
other attributes of the porous nucleants, e.g. pore shape, pore depth are ignored.  Only a recent 
simulation-based study reported the effect of wedge shaped pores on protein nucleation.  Page and 
Sear reported the relationship between angle wedge and crystal lattice angle intrinsic to the same.  It is 
reported that at an angle at which the crystal lattice matches the wedge angle, the nucleation rates are 
at their theoretical maximum.  That is, for simple systems close packed planes in an fcc lattice, angle 
intrinsic to crystals is 70.5o [86]. 
 
Figure 3.3  Nucleation rate as a function of wedge angle β in o [86]. 
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3.2.3 Surface Chemistry 
 
3.2.3.1 Chemically Modified Surfaces 
 
It is reported that ionisable functional groups present on the surface of the nucleant can also influence 
nucleation process.  The presence of ionisable functional groups on the surface allows the nucleant 
surface protein interactions via electrostatic forces (proteins are charge molecules) [22].  As the 
superficial charge density can be varied, the electrostatic forces and, hence, protein surface interaction 
can be controlled.  Two different nucleation mechanisms based on the electrostatic interaction 
between protein nucleant surfaces are proposed in the literature, namely surface controlled and 
surface induced nucleation mechanism [28-30, 87].   
 
 
Figure 3.4 Two different crystallisation mechanisms observed on a typical functionalised surface 
[30]. 
 
 When the protein and the nucleant surface have an electrostatic charge of the same sign the 
crystallisation is not influenced by the surface as the repulsive forces between them keeps the protein 
solution away from vicinity of the surface. As a consequence, protein molecules concentrate in a layer 
away from the nucleant surface.  Such layer is having higher localised supersaturation, resulting in 
nucleation of protein within this layer. As the surface does not play any direct role in nucleation, such 
phenomenon is known as surface induced nucleation [28-30, 87, 88].  When the surface and protein 
are having net electrical charge near zero, the surface leads to surface controlled nucleation.  This 
Surface Controlled Surface Induced 
< Protein Conc. 
< Protein Conc. 
< Waiting Time 
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suggests that oppositely charged surfaces can induce nucleation of proteins by lowering the free 
energy barrier to heterogeneous nucleation of the crystals from the dilute solution [29].  When 
attractive interactions are present, protein molecules tend to concentrate close to the surface. This 
locally increases the supersaturation and favours crystal nucleation and growth.    In addition to this, 
the effect of nucleant surface charges can also stabilise already formed nuclei via interacting with 
specific crystal faces or favour the formation of crystal nuclei by ordered motif of protein molecules.  
When the surface is playing an active role in controlling the process of nuclei formation, it is known 
as surface controlled nucleation [28-30, 87, 88]. 
 
The possible mechanism for the same can be explained by the local non-specific attractive 
interactions which might promote the molecular cluster formation increasing the probability of 
nucleation.  The effectiveness of the system can be tuned by varying the density of the ionisable 
groups on the surface, pH and concentration of precipitant solution. The success of this mechanism 
also relies on the assumption that ionisable functional groups present on the surface allow protein–
surface interactions by electrostatic forces [22, 28-30].    
 
Falini et al. and Tosi et al. have employed surfaces with different functional end group to verify the 
influence on the crystallisation of model protein systems.  The observation suggested, the crystal size 
obtained on different hydrophilic surfaces was low compared to hydrophobic surfaces and as well as 
the crystal density was observed to be much higher than on the hydrophobic surface [28-30, 87].  
Furthermore, Fermani et al. used poly-L-lysine surfaces to control nucleation of concanavalin A and 
obtain protein crystals at 5mg/mL protein concentration, which was significantly lower than the 
reported values for homogeneous nucleation [28].   Tsekova et al. recently reported the crystallisation 
of proteins on glass surfaces functionalised with different functional groups, i.e. amine, 
trifluoropropyl, methyl. The effect of nucleant surface energy on protein crystal density, crystal habit 
and crystal size is also reported [89].  Tsekova et al. observed that fluorine modified surface result in 
protein crystals at lower induction time, whereas phenyl and propyl iodide functionalised surfaces 
hinder nucleation activity of protein systems studied ( thaumatin, ferritin, catalase and lysozyme) [89]. 
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3.2.4  Combined Effect of Surface Topography and Surface Chemistry 
 
3.2.4.1 Combined Effect of Surface Roughness and Surface Chemistry 
 
Different polymer coated glass or mica surfaces have been widely used as heterogeneous nucleants 
and in addition to the net charges between the protein in the crystallisation condition and the nucleant 
polymer functional end group, surface roughness is also considered as an important factor in 
controlling nucleation on polymer modified surfaces.  In addition to polymer coated surfaces, surfaces 
functionalised with aminopropyltriethoxysilane, glycine and poly-lysine are also reported to have 
nano scale roughness [90, 91]. Simulation studies suggested that the free energy barrier required for 
nucleation on rough surfaces is lower than the same required for flat surface and such energy barrier is 
progressively decreased with increasing surface roughness.  This phenomenon leads to exponentially 
faster nucleation in comparison to a flat surface [24, 68].  Furthermore, in the case of surface 
functionalised with organo-silanes or polymers, electrostatic interaction between protein and surface 
functional end groups have also been argued to play role in heterogeneous nucleation along with the 
surface roughness.  Liu et al. reported crystallisation of proteins on the rough organo-silane 
functionalised surfaces and observed for lysozyme, which is a positively charge molecules, that the 
rough surfaces with positive charges resulted in suppressed nucleation, suggesting role of electrostatic 
interactions may induce nucleation [91].  Liu et al. reported a mechanism based on the effect of 
surface roughness on the nucleation of proteins [91].   A material with a rough surface can trap protein 
molecules and encourage them to nucleate and form crystals [92].  On a flat surface, protein 
molecules adsorb on to the surface and migrate randomly until a first monolayer is established, which 
is followed by slow growth of a second layer.  During that assembling process, a few molecules in the 
adsorption layer may form small aggregates [93].  Protein molecules in the aggregate form suitable 
bond angles and then grow into critical clusters.  When heterogeneous nucleation takes place on a 
rough surface, the hillocks on the surface may trap the molecules and block its lateral migration.  The 
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protein molecules trapped between the convexes and concaves form critical cluster via forming 
suitable bond with the neighbours.  Furthermore, trapping of molecules on rough surfaces may result 
in a relatively higher local supersaturation, which increases the possibility of nucleation as compared 
to the flat surface [94].  A schematic representation of the role of surface roughness on nucleation of 
protein molecule is depicted in Figure 3.5. 
 
Figure 3.5 Schematic representation of protein crystallisation on rough polymeric surface (a) protein 
molecules in the droplet created on polymeric surface (b) adsorption of protein molecules on the 
surface (c) role of surface roughness on local immobilisation of molecules (d) molecules forming 
appropriate bond angles with the adjoining protein molecule forming quasi-critical clusters and quasi 
critical clusters nucleate and grow into the crystals [24]. 
 
 
 
 
(a) 
(b) 
(c) 
(d) 
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3.2.4.2 Molecularly Imprinted Polymer 
 
Saridakis et al. recently used molecularly imprinted polymers (MIPs) to crystallise proteins.  The 
polymers were imprinted with the target protein.  The proteins were extracted from the imprinted 
polymer vacating the space occupied. 
 
 
Figure 3.6 Schematics demonstrating crystallisation of proteins using molecularly imprinted 
polymers. 
 
 The confinements created within the polymer using this method were hypothesised to be of the size 
of the protein molecule and have affinity towards the protein molecule.  Polymer surfaces so prepared 
were used as nucleants for the crystallisation of protein, which was used for imprinting polymers. 
Figure 3.6 schematically illustrates the approach proposed.  MIPs are also reported to crystallise 
proteins at lower concentration levels compared to control glass cover slips and improve crystal 
quality as well. Crystallisation of seven protein systems was obtained supporting the hypothesis.  
However, catalase failed to crystallise [27].  Turner et al. reported that non-physiological conditions 
usually used for imprinting of polymers can result either in denaturing, forced confirmation, or 
aggregation of proteins [95].   
 
Template 
Formation of imprinting 
cavities by polymerisation 
Template Removal 
Crystallisation of 
Template in MIP 
Molecularly Imprinted Polymer 
(MIP) 
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Catalase is a tetramer.  It is argued that during imprinting of polymers, it is difficult to avoid 
aggregation or denaturing of proteins, resulting in either imprinting of individual sub-unit of catalase 
or catalase aggregate.  Hence, the applicability of the approach is questionable to proteins with 
multiple sub-units.  Furthermore, the high cost and difficulty in the preparation of proteins, poor 
reproducibility, protein instability and the difficulty in the imprinting process limits its applicability 
[96]. 
 
 
Figure 3.7 Schematic representation of isothermal membrane crystalliser [98]. 
 
3.2.4.3 Membrane Surfaces 
 
Hydrophobic macro porous membranes are well understood for processes involving mass transfer as 
well as their role in supporting interfaces where vapour-liquid equilibria are established.  Curcio et al. 
reported membrane systems to mechanical and thermal stresses for the crystallisation of biological 
macromolecules.  The approach used the membranes as vehicles to generate controlled 
supersaturation by removing vaporised precipitant solution from the protein solution leading towards 
nucleation of crystals.  In addition, the polymeric membrane surface acted as a heterogeneous 
nucleant resulting in reducing induction time as well as obtaining crystals at lower critical 
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supersaturation [97].  Figure 3.7 shows a typical membrane crystallisation system for proteins.  In a 
typical experiment, the membrane acts as a separation medium for two isothermal liquid systems 
subjected to reciprocal mass transfer resulting in progressing concentration of protein solution 
contacting one side and decreasing precipitant concentration on the other side, which is also known as 
the stripping side [98].   
 
 Curcio et al. reported the effect of membrane pore diameter and protein solution contact angle with 
hydrophobic membrane on rate of protein crystals [68].  Furthermore, altering the interaction of the 
protein with the membrane surface by tuning the surface functionality of membranes and its effect of 
nucleation rate are reported.  The crystal nucleation rate for lysozyme is found to increase with 
increased porosity of the membrane while the trans-membrane flux of different proteins was co-
related to the nucleation rate of lysozyme [68]. 
 
3.2.4.4 Polymer Heteronuclei 
 
Cross linked polymer libraries have been used for small organic molecule polymorph screening [99-
101].  Grzesiak et al. employed cross linked polymer libraries for investigating the effect of different 
polymer types on the nucleation of lysozyme.  Lysozyme was observed to crystallise at least 10-25× 
faster on polymer surfaces prepared from aromatic monomers compared to the control experiments, 
where no polymers were used.  Furthermore, crystal size and density were also reported to be 
influenced by the type of polymer surface used.  Polymers prepared from relatively non-polar and/or 
aromatic monomers resulted in few crystals of larger size, while polymers derived from basic 
monomers resulted in a large number of small size crystals.  Selective crystallisation of tetragonal 
crystal form of lysozyme was obtained with polymers derived from acidic or polar monomers at 
conditions typically resulting in the orthorhombic form [102].   
 
Foroughi et al. also reported the effect of the polymer heteronuclei on obtaining different crystal 
forms of concanavalin A and catalase.  Foroughi et al. used different polymer cross-linking agents and 
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reported their effect on the selective crystallisation of crystal forms of lysozyme, concanavalin A and 
catalase [103, 104].  Different polymers prepared from acidic or basic monomers have been reported 
to influence crystal size, density and most importantly crystal form.  Furthermore, the effect of the 
cross linking agent on the preferential crystallisation of a protein is reported. However, the 
mechanism remains elusive.  No systematic relationship between the target protein chemistry and 
surface functionalities of polymers has been developed [103]. 
 
 
 
Figure 3.8 Schematics of crystallisation mechanisms on the surfaces of polymer heteronuclei (a) 
polymer library (red=polar nitrogen; blue=nonpolar aromatic) (b) representation of surfaces of cross 
linked polymers (red=methacrylonitrile-co-N,N dimethylmethacrylamide; red=4-vinylpyridine-co-2-
methyl-2-nitropropymethacrylate) (c) heterogeneous nucleation of catalase on two different surfaces 
in two different crystal form [103]. 
 
 
3.2.4.5 Colloidal Nanotemplates 
 
Delmas et al. recently used colloidal nanotemplates for understanding the effect on nucleation of 
proteins.  Colloidal nanotemplates are prepared by forming layers of monodisperesed spherical silica 
nanoparticles functionalised with different surface functional end-groups. The inter-particle pore 
diameter of such templates can be tuned by preparing layers of different particle sizes.  The lysozyme 
crystal density on surfaces of colloidal nanotemplates was observed to be increasing with increasing 
degree of hydrophilicity, whereas crystal size was decreasing with increasing hydrophilicity.  
(a) (b) (c) 
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Colloidal nanotemplates prepared with a particle diameter of 432nm were observed to result in the 
highest number of crystals compared to the colloidal nanotemplates prepared with particle diameters 
of 32nm, 230nm and 698nm, which was attributed to either small scale geometric effect of intra-
particle microporosities, inter-particle pore sizes or silica particle curvature [105]. 
 
 
 
Figure 3.9 Approach of protein crystallisation using colloidal nanotemplates  [105]. 
 
3.2.5 Bio-polymers or Hairs 
 
Georgieva et al. employed natural polymers like human hair as a heterogeneous nucleant for 
crystallisation of proteins.  Human hair, which is made of protein keratins, is a semi-crystalline 
material with structured surfaces having repeated regularly repeating overlapping terraces. Protein 
crystallisation was observed to be significantly faster on the surfaces of hairs compared to the control 
droplets without nucleants.  In order to verify the mechanism, hairs were treated with different 
chemicals to de-lipidify or denature them.  No crystals of lysozyme, glucose isomerase and a 
polysaccharide-specific Fab fragment were observed on the surfaces of denatured hairs whereas 
needle shape crystals were observed on de-lipidified hair.  To verify the effect of surface texture 
similarly textured synthetic polymers were prepared and used for protein crystallisation.  However, 
they fail to reproduce similar crystallisation behaviour relative to hair.  Despite of different control 
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experiments,  the mechanism responsible for crystallisation of proteins on hairs still remains unclear 
[73].  D’Arcy et al. used horse hair, rat hair and dried seaweeds to verify the influence of 
heterogeneous nucleants on crystallisation of four different proteins and observed crystallisation of 
proteins at lower induction times and also highlighted the importance of bio-polymeric heterogeneous 
nucleants relative to conventional streak seeding methods [74]. 
 
3.3 Conclusion 
 
It is evident from the literature discussed here, that nucleant surfaces with varied physicochemical 
properties have an influence on controlling crystallisation process.  Surface porosity and chemistry are 
two separate parameters reported widely to control nucleation process and produce diffraction quality 
single crystals.  Mechanisms for the effect of a broad pore size distribution or surface chemistry on 
the nucleation of protein crystals have also been proposed and argued.  While reports discussing the 
importance of pore size and geometry to control nucleation are available, no systematic study 
reporting the combined effect of narrow pore size distribution and specific pore diameter on 
preferential crystallisation of proteins is reported in the literature.  No report in the existing literature 
has established the correlation between nucleant pore diameter, surface functionalities and target 
protein physicochemical properties, which may be of high importance in designing surfaces for target 
protein nucleation. 
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4.0   Approaches for Preparation of Mesoporous Silica 
 
4.1 Introduction 
 
The preparation of ordered porous materials with desired surface physicochemical properties has been 
a topic of prime interest in material chemistry for the last two decades.  Mesoporous surfaces with 
tuned surface porosities were prepared to cater the need for various industrial applications ranging 
from catalysis, adsorption, and separation to sensors, drug delivery and protein adsorption.  This 
chapter provides a brief review of different approaches reported in the literature for the preparation of 
mesoporous silica materials, with the focus of understanding the effects of different process 
parameters and reactant/ additives to tune surfaces with required pore diameter and narrow pore size 
distribution.  Incorporation of organic components on the surfaces of mesoporous silica is considered 
as one of the routes to enhance the physical and chemical properties of the materials and is believed to 
be key to their applicability in industrial applications.  A brief review of methods used for 
manipulating the surface end groups of mesoporous silica materials is also reported in this chapter.  
The rational for selection of approaches for the synthesis of mesoporous silica materials with tuned 
surface functional end groups adopted in the current study is detailed here.  
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4.2 Mesoporous Silica – A Brief 
 
4.2.1  Sol-Gel Reaction for Synthesis of Porous Silica – An overview 
 
Sol-gel processing of inorganic ceramics was first invented in the mid 1800s with a specific focus on 
silica gels only [106].  Tetraethoxyorthosilicate (TEOS) was first used as precursor under acidic 
conditions to prepare glass like amorphous silica materials.  However, the drying time for the 
preparation of crack free monoliths was reported to be more than a year and considering the same 
technological advances were limited till 1950s [107].  The understanding developed by Roy et al. on 
the sol-gel chemistry of ceramic materials for achieving high levels of chemical homogeneity in 
colloidal gels was a major breakthrough and facilitated the synthesis of various ceramic materials 
[108, 109].  Parallel to Roy et al., Iler developed the first commercially available colloidal silica 
particles named Ludox based on his pioneering work in sol-gel chemistry [110].  In 1968 Stöber et 
al. added to the findings of Iler and reported that ammonium hydroxide used as a catalyst for sol-gel 
reaction can also control morphology and the size of the particles [111].  The effect of reactant 
concentration, reaction temperature, was also reported by Stöber et al. [111].  The sol-gel method 
developed by different researchers provided highly homogeneous and pure ceramic product at lower 
temperatures compared with conventional glass sintering or ceramic powder methods, increasing the 
interest of colloidal and material chemist in the research area enabling technological advances in 
engineering ceramic materials with application oriented physic-chemical properties [107].  This 
section details different process steps involved in the sol-gel reaction and briefly describe the effect of 
different process parameters, e.g. molar ratio of different reactants, reaction temperature, aging 
methods, drying strategy, organic solvent etc. on preparation of porous silica materials. 
 
First of all it is essential to define the terms sol and gel, before discussing the sol-gel reaction in 
further detail.  Dispersions of colloidal particles in a liquid are defined as sols.   A rigid network of 
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interconnected submicron pores and polymeric chains having average length greater than a 
micrometer is defined as gel [112].   
 
Formation of silica gel can be obtained using two primary routes via sol-gel methods: 
1. Gelation of solution containing colloidal particles 
2. Hydrolysis and polycondensation of silica precursors (alkoxides or nitrides) followed by 
aging and drying under different conditions.  
 
The second method based on hydrolysis and polycondensation of alkoxide is widely used and the 
method is outlined in the following: 
 
4.2.1.1 Hydrolysis and Poly-condensation 
 
Two basic reactions are involved in a typical sol-gel reaction:  hydrolysis and poly-condensation.  The 
metal/ silica precursor is subject to a hydrolysis reaction and leads to the formation of a gel-like di-
phasic system containing both liquid and solid phases.  Their morphologies range from discrete 
particles to continuous polymer networks [107, 112]. 
 
Tetraethoxyorthosilicate (TEOS) (Si(OC2H5)4/ Si(OR)4) is widely used and a well studied silica 
precursor.  As a result of the hydrolysis of TEOS, the hydroxyl ion (-OH) is attached to the silicon 
atom, which depends on the presence of the amount of water and type and concentration of catalysts 
present.  The hydrolysis reaction is as follows 
 
Si(OR)4 + H2O → HO-Si(OR)3 + R-OH 
.... (4.1) 
The formation of [(OR)2–Si-(OH)2] or [(OR)3–Si-(OH)] is a result of partial hydrolysis.  On 
completion of the hydrolysis reaction all of the -OR groups are replaced by -OH groups resulting in 
formation of hydrated silica tetrahedra, as follows 
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Si(OR)4 + 4 H2O → Si(OH)4 + 4 R-OH 
.... (4.2) 
The hydrolysis reaction is followed by a poly-condensation reaction, which links two partially 
hydrolysed molecules together to form a siloxane [Si–O–Si] bond 
 
(OR)3–Si-OH + HO–Si-(OR)3 → [(OR)3Si–O–Si(OR)3] + H-O-H 
.... (4.3a) 
or 
(OR)3–Si-OR + HO–Si-(OR)3 → [(OR)3Si–O–Si(OR)3] + R-OH 
.... (4.3b) 
Polymerisation is associated with the formation of a 1, 2, or 3- dimensional network of siloxane [Si–
O–Si] bonds, which depend on the extent of the hydrolysis reaction.  As a by-product of the  
condensation reaction, water and alcohol species are produced [107].  The water/ alcohol molecules 
produced from the condensation reaction remain in the pores [113].  Sufficiently interconnected Si-O-
Si bond formed in a region, respond cooperatively as colloidal particles also known as sol.  The step 
involving the formation of a 3D network of colloidal particles and condensed silica species is known 
as gelation and physical characteristics of gel depends on the colloidal particle size and extent of cross 
linking before gelation.   The structure of the gel is determined by the relative rate of hydrolysis and 
condensation reaction.  It correlates directly with the ratio of the reaction rate constants of hydrolysis 
and condensation.  Orcel et al. established, a faster hydrolysis and slow condensation reactions result 
in linear polymeric gels whereas a slow hydrolysis and fast condensation results in larger, bulkier and 
more nonuniform polymeric gels. 
 
The determination of the kinetic constants for the hydrolysis and condensation reactions are 
considered to be a complex process as both reactions are parallel.  However, various reports present 
the same as well as effect of different process variables on the rate of hydrolysis and condensation.  
Four key variables are known to influence either the rate of hydrolysis or condensation reaction: 
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reaction temperature, acidic/ basic nature of catalyst and its concentration, organic solvents and type 
of silica precursor. Aelion et al. reported that the hydrolysis rate constant increases linearly with 
concentration of catalyst concentration (either acid or base) independent of the presence of organic 
solvents [114].  The 40% increase in the acidic catalyst is reported to increase the rate of hydrolysis  
by 1500× [114].  The reaction temperature and nature of organic solvents, e.g. polar or apolar, are 
reported to have secondary effect on the rate of the hydrolysis reaction [114, 115].  By doubling the 
reaction temperature,  the rate of the hydrolysis reaction can only be increased by 10× [114].  For the 
acid catalysed reaction, the hydrolysis is reported to be the rate determining step and no influence of 
the nature of solvent present on the reaction rate were observed.  In base catalysed reactions, the 
condensation step is the rate determining step.  The rate of the condensation step is determined to be 
lower than the hydrolysis step resulting in formation of fast, larger and highly condensed polymers, 
compared to the acid catalysed reaction where the rate of hydrolysis is slower than condensation 
resulting in smaller and less highly condensed polymers.  The solvent additives, in particular 
methanol and ethanol, are known to reduce the rate of the condensation reaction, which can have 
measurable influence on the polymer chain prepared. 
 
4.2.1.2 Gelation 
 
The structure of the gel is established during gelation. However, it is dependent on the size of 
colloidal particles and the extent of cross linking.  The gelation point of sol-gel silica is easy to 
determine based on qualitative observations.  At gelation point sharp increase in the viscosity of the 
gel can be observed and it freezes in a particular polymer structure. 
 
Aqueous droplets prevent the formation of a complete silica network and leave –OH groups as 
effective network modifiers.  As the droplets evaporate, small pores are left which are in the range of 
1.5 – 2nm in size.  The control of pore diameter can be obtained by increasing the concentration of 
acid/ base based catalyst, which can increase the pore diameter up to 4nm.  The aging and drying of 
the sol prepared is also reported to be crucial for controlling the pore diameter in a narrow range.  
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Two different aging method, fast and slow, are suggested by Mohammad et al. to tune the porosity in 
the micro-porous range (<2 nm as per IUPAC definition) [116].  It is argued that the typical slow 
aging time of 7days (aging at room temperature or 25oC) can be expedited and aging can be achieved 
within 30 minutes by increasing the ageing temperature up to 80oC.  However fast aging results in 
formation of non-uniform pore structure. 
 
The natural pore formation mechanism results in the mean pore diameter up to 4nm.  Higher mean 
pore diameters achieved via natural pore formation are not reported in the literature.   In order to 
prepare material with higher pore size, with narrow pore size distribution and ordered pore 
arrangement, it is suggested to use sacrificial templates for the formation of pores [117]. 
 
4.2.2 Controlling Porosity – Application of Sacrificial Templates 
 
The focus of the current study is to apply surfaces with tuned pore diameters for the crystallisation of 
biological macromolecules, which are known to have molecular diameter higher than approximately 2 
nanometres with only few exemptions, e.g.  ribonuclease A.  Considering the need for application, it 
is essential to synthesise surfaces with pore diameters larger than the ones obtained using the sol-gel 
processes discussed in the earlier section of the chapter.  Furthermore, a narrow pore size distribution, 
open pores and preferably uniform pore shape is essential for understanding pore size effects on the 
crystallisation of proteins.  
 
The synthesis of mesoporous siliceous materials was developed during the early 1980s.  Pillared clays 
were the first reported mesoporous materials having pore diameters in the range of 10-20nm.  
However, the shape of the pore reported for the Pillared clays is rectangular limiting the size of pore 
opening and ink bottle shape pores.  The pore size distribution of Pillared clays is also wide and the 
arrangement of pores is disordered limiting their application [118].  Till the early 1990s, the 
preparation of mesoporous silica materials with a narrow pore size distribution and structured pores 
was considered the bottleneck for various potential applications including the adsorption of 
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macromolecules.  Scientists from Mobil Corporation and a research group from Waseda University, 
Japan, reported in parallel the preparation of mesoporous surfaces with pore diameter ∼4nm and 
structured pore arrangements using a soft templating approach [119-121]. 
 
Since the development of mesoporous materials using hydrophobic–hydrophilic surfactants or block 
copolymers by organising polymerised species under condition where hydrophilic components form 
continuous regions within a meso-structurally ordered system, a great deal of interest has developed in 
understanding this mechanism and increasing the pore diameter by maintaining pore structure [122].  
Sol-gel reaction is responsible for formation of cross-linked dense silica oxide networks.  The meso-
structured materials resulting from the cooperative self assembly of surfactant and silica can be 
produced in powders, thin-films and monoliths [122-125].  It is crucial to control the process of 
micelle formation and increasing the micelle diameter in order to control the pore size and tune the 
porosity in broad range while maintaining structure.  The influence of process parameters like reaction 
temperature, sol aging and sintering methods, type of additives and swelling agents are verified on 
pore structure and pore diameter [123, 126-129]. 
 
4.2.2.1  Selection of Surfactants 
 
The formation of homogeneous clear aqueous surfactant solution is the first step towards the 
formation of mesostructures. Surfactants frequently used for the preparation of the mesophase are 
anionic, cationic or non-ionic surfactants [130].  A first study reporting the synthesis of mesoporous 
silica used quaternary ammonium cationic surfactants as templates [120].  Quaternary cationic 
surfactants, CnH2n+1N(CH3)3Br (n = 8 – 22) are known to be efficient for the formation of ordered 
mesoporous materials.  Cetyltrimethylammonium bromide, commercially known as CTAB is a widely 
used cationic surfactant for the synthesis of mesoporous silica.  Gemini, multi-head group surfactants 
and cationic fluorinated surfactants are also employed as pore forming agents for the synthesis of 
mesoporous surfaces [130, 131].   
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High solubility in the aqueous solutions, high critical micelle temperature and effectiveness in acidic 
and basic media proposes cationic surfactants as good structure directing agent in the synthesis of 
mesostructures.  However, toxicity and a high cost have limited its applications [117]. 
 
Anionic salt surfactants are also used as structure directing agents. Carboxylates, sulphates, 
sulphonates and phosphates are examples of such surfactants.  Sodium dodecyl sulphate is an example 
of the anionic surfactants.  Recently, custom prepared carboxylic acid salt based anionic surfactants 
combined with aminosilanes or quaternary aminosilanes, i.e. 3-aminopropyltriethoxysilane as the co-
structure directing agents, have been employed for the preparation of mesoporous silica [132].  
Anionic surfactants are cost effective compared to cationic surfactants.  Unfortunately, limited 
variability in the structures have restricted its applicability [117]. 
 
Non-ionic surfactants are available in a wide variety of chemical structures and hydrophobic to 
hydrophilic chain ratios.  This class of surfactants is gaining high industrial interest considering their 
non toxic and biodegradable properties as well as low cost.  Non-ionic surfactants have the ability to 
form the meso-phase with different geometries and arrangements which is not achievable with the 
other classes of surfactants [123, 133].  Considering many advantages, non-ionic surfactants are 
widely used for synthesis of mesoporous solids.  Figure 4.1 lists commercially available non-ionic 
surfactants.  The non-ionic surfactants can include alkyl poly (ethylene oxide) surfactants, 
amphiphilic block copolymer surfactants, i.e. PEO-PPO-PEO, sorbitan esters.  Attard et al. first used 
non-ionic alkyl poly (ethylene oxide) surfactants (C12H25EO8 and C16H33EO8) in an acidic medium to 
prepare mesoporous surfaces with a pore diameter of ∼3nm [123, 133].  Stucky et al. employed tri-
block copolymer (poly (ethylene oxide)–b–poly (propylene oxide)–b–poly (ethylene oxide)) (PEO-
PPO-PEO) as the structure directing agent for the synthesis of mesoporous surfaces with pore 
diameter higher than ∼5nm [123, 133].  Simple methods and reproducible synthesis of the 
mesoporous materials with well defined packing geometries and pore connectivity is achieved with 
tri-block-copolymer surfactants [117].   
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Block copolymer Formula mesophase da (Å) 
Pluronic L121  EO5PO70EO5  lamellar  11.6 
Pluronic L121  EO5PO70EO5  hexagonal  11.8  
Pluronic F127  EO106PO70EO106 cubic  12.4 
Pluronic F88  EO100PO39EO100 cubic  11.8 
Pluronic F68  EO80PO30EO80  cubic  9.2 
Pluronic P123  EO20PO70EO20  hexagonal  1.1 
Pluronic P103  EO17PO85EO17  hexagonal  9.8 
Pluronic P65  EO20PO30EO20  hexagonal  7.8 
Pluronic P85  EO26PO39EO26  hexagonal  9.3 
Pluronic L64  EO13PO70EO13  hexagonal  8.1 
Pluronic 25R4  PO19EO33PO19  hexagonal  7.5 
a d maximum diameter of pores obtained 
 
Figure 4.1 Commercially available non-ionic surfactants and information on maximum diameter of 
pores obtained and pore arrangements using different type of block copolymer surfactants [117][133]. 
 
 
 
 
- 58 - 
 
4.2.2.2 Synthesis Mechanism 
 
Numerous studies have been reported to understand assembly of mesostructures in inorganic 
precursors.  The two main pathways suggested are:  surfactant co-operative self assembly and liquid 
crystal templating as schematically depicted in Figure 4.2 [118, 134, 135]. 
 
4.2.2.2.1 Co-operative Self Assembly of Surfactants and Silica Source  
 
This pathway is established on the principle of interactions between the silicates and the surfactants to 
form inorganic–organic composites with mesostructures. The co-operative self assembly mechanism 
was first proposed by Stucky et al. and is widely accepted in the literature [130, 136].  Experimental 
validity of the co-operative self assembly is provided using quaternary cationic surfactant as the 
structure directing agent for preparation of the mesostructured silica [137].   
 
 
Figure 4.2  Two different pathways for the formation of mesoporous (a) cooperative self assembly (b) 
liquid crystal templating methods [117]. 
 
 
(a) 
(b) 
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A fundamental requirement for the success of this mechanism is the attractive interaction between 
templates (surfactants) and the silica precursor.  The attractive interactions ensure the inclusion of the 
structure directing agents in the silicates without phase separation.  In a typical case of cationic 
surfactant, which was used by Huo et al. to provide experimental evidence of the mechanism, silicate 
poly-anions interact with the negatively charged groups in cationic surfactants [136].  These 
interactions are driven by Coulomb forces.  At the interface with the surfactant, silica polymerises, 
cross-links and further changes the charge density of the silicate layer.  With progressing 
polymerisation, the charge density of the polymerising silicates and surfactants is reported to be 
dynamic.  The governing phenomenon for the assembly is the matching of charge density at organic 
(surfactant)/ inorganic (silica precursor) interface.  The result of the assembling and matching of 
charge density is the self assembled well structured 3D mesophase arrangement with the lowest 
interfacial energy.  The co-operative self assembly process using the non-ionic surfactants was 
observed using in situ characterisation techniques.  It was reported that spherical micelles are 
constantly transformed into thread like micelles which are bundled in the dimension of the mesophase 
obtained in the final material.  Elongation of the micelles is attributed to the reduction in polarity and 
amount of water within the micelles due to the polymerisation of the silicate [137]. Flodstorm et al. 
used time resolved 1H NMR and TEM for in situ monitoring of the mesophase formation process.  
They reported that the process of cooperative self assembly undergoes four different stages which are 
adsorption of silicate on globular micelle, association of globular micelles into floes, precipitation of 
floes followed by micelle-micelle coalescence [138].   
 
Huo et al. classified four different interactions for co-operative self assembly with different types of 
surfactants, which are shown in Figure 4.3 [136].  Assuming that the reaction takes place in an basic 
medium and cationic surfactant as structure direction agent are used, the pathway is termed as S+I- as 
shown in Figure 4.3 (a), where S: surfactant, I: inorganic species.  If the synthesis is under acidic 
conditions, the silicate is positively charged.   In such condition, the mediator (ideally a halide) is 
required for the attractive interactions with cationic surfactants which is termed as S+XI+ (Figure 4.3 
(b)).  In the case of the anionic surfactants used as a structure directing agent and reaction in basic 
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medium, a positively charged mediator is required (typically amino group or organoalkoxysilane) for 
the interaction with negatively charged silica (S-M+I-), whereas for reaction in the acidic media no 
mediator is required and it can be termed as S-I+ (Figure 4.3 (c) and (d)).   Dominating interactions 
for pathway (a)-(d) are of electrostatic nature. In the case of non-ionic surfactants or a reaction under 
neutral conditions, the interactions are argued to be governed by the hydrogen bonding, whereby 
uncharged silica species (S0I0) or ion pair pathway (S0(XI)0) is followed (Figure 4.3 (e) and (f)). 
 
 
 
Figure 4.3 Possible mechanism of interaction between silica species and surfactant head groups under 
acidic, basic and neutral media [139]. 
 
4.2.2.2.2 Liquid – Crystal Template 
 
In this mechanism, a true or semi-liquid crystal mesophase is employed in the assembly.  The 
assembly is assisted by the surfactant templates to form ordered mesoporous materials.  Mesoporous 
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silica was formed by Attard et al. using the liquid crystal template mechanism, which was achieved 
with high surfactant concentrations [140].    Direct templating of the micro-emulsion liquid crystal 
mesophase has also been used to synthesise ordered mesoporous silica from a butanol-water-
copolymer-silica ternary system.  The evaporation-induced self assembly (EISA) process is widely 
used for the formation of ordered mesostructures in the thin films and can also be assigned to the 
liquid crystal templating phenomenon.  In a typical EISA-based synthesis of mesoporous silica films, 
the silica precursor with a low degree of polymerisation is mixed with a weakly polar organic solvent 
with high vapour pressure to improve self assembly at organic-inorganic surface and form organic-
inorganic framework.  The silica precursor hydrolyses and cross-links during solvent evaporation.  
During solvent evaporation and in the presence of a silica precursor, a high concentration of 
surfactants forms the liquid crystal phase, which ultimately results in the formation of ordered 
mesostructures.  Hydrolysis and cross-linkage of inorganic precursors, the nature of surfactants and 
ratio of surfactant and inorganic precursor can affect the final form of the mesostructure.  
Furthermore, water concentration, processing humidity, evaporating temperature, rate and substrate 
can also effect liquid crystal formation [117, 140]. 
 
4.2.2.3 Pore Formation Mechanism   
 
To understand the process of pore formation, a complex binary relationship between the surfactant 
and the sol is to be understood.  The surfactant is formed of two different components which have 
different surface behaviour either hydrophobic or hydrophilic.  When the surfactants are introduced to 
the sol, the surfactants will initially partition at the interface to reduce the system’s free energy by 
removing the hydrophobic parts of the surfactant from contacts with water.  When surface coverage 
by the surfactant increased and the surface free energy has decreased, the surfactants starts 
aggregating into micelles, which further decreases the system free energy by decreasing contact area 
of the hydrophobic parts of the surfactants with water.  As the system reaches critical micelle 
concentration (CMC), any further addition of the surfactant will just increase the number of micelles.  
Pre-formation of micelles and cooperative self assembly are crucial in the formation of ordered 
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mesoporous material [141].  The method discussed here can only be used for a few surfactant water 
binary systems and in order to increase pore diameter of the mesostructure, different additives like co-
surfactants or the swelling agents are added. They enhance the micelle diameter.  Addition of co-
surfactants and/ or any other additives leads the direct liquid templating to a more complex ternary 
(surfactant/ co-surfactant/ sol) or quaternary system (surfactant/ co-surfactant/ sol/ additives); the 
mechanism of which is explained elsewhere [133, 142]. 
 
4.2.2.4 Effect of Process Parameters 
 
4.2.2.4.1 Catalyst 
 
Basic Medium 
 
Sodium hydroxide, potassium hydroxide, ammonium hydroxide, tetramethylammonium hydroxide 
and tetraethylammonium hydroxide can be used as a base.  Under typical basic condition (pH range 
9.5 to 12.5), the polymerisation and cross-linkage of silicate species are reversible.  Ammonium 
hydroxide is known to result in disordered porous media which can be attributed to the weak 
alkalinity of base.  Particle morphology is difficult to control using the basic medium.  The most 
common morphology obtained is spherical.  The mesostructure of a surfactant is difficult to control as 
it is dependent on the surfactant concentration or the processing temperature.   
 
Acidic Medium 
 
The synthesis of mesoporous silica in an acidic medium was first reported by Huo et al.  Since then,  
acidic media have been widely used for the synthesis of mesoporous material using different 
surfactant templates [130].  The characteristics of the acidic synthesis are as follows: 
1. pH dependence:  Lowering the pH results in an acceleration of the precipitation rate.  On the 
other hand, low acid concentration favours a slow condensation rate.   The higher the 
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concentration of H+ ion in the medium, the higher the hydrophilicity of poly (ethylene oxide).  
However, a high concentration of HCl (> 4M) is not recommended as it is known to result in 
a disordered pore arrangements [117].  At a lower HCl concentration (∼0.5M), n – butanol 
slows the condensation rate and results in a highly ordered mesoporous product.  Around the 
isoelectric point of silica (pH from 1 to 2) precipitation rates are very slow [133]. 
2. Controllable morphology:  Diverse morphology, e.g. thin films, single crystals, fibres, spheres 
have been prepared using the acidic medium.  In a sol-gel reaction, the acidic medium results 
in linear silicate oligomers which favours different regular morphologies [143].   
3. Irreversible reaction:  Irreversible polymerisation of silicate results in the failure of the 
synthesis once gel appears and no ordered mesostructures can be formed using cooperative 
self assembly. 
4. Simple processing:  No need for washing up of the precipitated particles before hydrothermal 
aging; room temperature synthesis which reduces the process steps and makes process simple 
[123]. 
5. Low probability for phase transformation of mesophase:  For acidic medium a surfactant 
generally templates only one mesostructure.  Only a few examples of the phase 
transformation of a mesophase are reported in the literature [117]. 
6. Role of additives:  Addition of salts e.g. KCl, NaCl, Na2SO4 and K2SO4, can improve the rate 
of precipitation and the organic solvents slows the rate of formation of mesophase in the case 
of the anionic surfactants [143, 144]. 
 
4.2.2.4.2 Reaction Temperature 
 
To enhance the pore diameter of mesostructures, it is important to increase the diameter of the micelle 
since it acts as a template to tune the porosity.  The process temperature is considered to be one of the 
key factors that can influence the pore diameter [123].  A correlation between CMC and critical 
micelle temperature (CMT) and its effect on the formation of mesostructures has been studied [144].  
For temperatures less than the CMT, the block copolymer exists in the solution only in the form of 
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unimer, no cooperative self assembly is present.  When the temperature is increased from the CMT, a 
transition from unimer to micelle occurs.  No distinct change in micelle radius with temperature is 
reported by Wanka et al. [145].  Although, it is important to mention at this point that these studies 
were conducted on binary sol–surfactant systems.  The addition of swelling agent or co-surfactant 
changes the behaviour of the phase diagram [141]. 
 
For the synthesis of the mesoporous silica tri-block copolymer, the surfactant F127 (EO106PO70EO106) 
has been used.  It has a large number of hydrophilic ethylene oxide blocks at room temperature, and 
thus prevents the uptake of apolar organic solvents within the micelle core that are commonly added 
as swelling agents.  Due to a poor penetration of swelling agent, the pore diameter obtained is lower.  
At a relatively low process temperature (typically in the range 10–15oC), micelles are less tightly 
packed with the hydrophilic species and have weaker resistance to the penetration of apolar solvent 
molecules, which leads to increased penetration of organic swelling agents into the micelles and 
subsequent expansion of the pores [141]. 
 
4.2.2.4.3 Hydrothermal Aging 
 
The importance of different post-synthesis aging treatments on the pore diameter expansion and pore 
structure ordering is observed in different studies.  Khushlani et al.  reported the importance of 
hydrothermal treatment on the restructuring of the mesostructure and pore enlargement [146]. This 
process is found to be extremely sensitive to temperature (optimised range 100 – 130oC) and time 
(optimised range 24 – 72 hours).  The process of restructuring occurs via two steps:  The first step is a 
decrease of external surface area as defined by the KJS4 method reported elsewhere [147], which is 
paralleled by a decrease in primary mesoporous surface area.  In the second step, a decrease in overall 
surface area of the material accompanied by the pore enlargement and increase in pore size uniformity 
                                                           
4
 Kruk, Jaroniec, Sayari reported method based on modified Kelvin equation to calculate pore size distribution 
for well ordered mesoporous silica material (126. Sayari, A., Liu, P., Kruk, M., and Jaroniec, M., 
Characterization of Large-Pore Mcm-41 Molecular Sieves Obtained Via Hydrothermal Restructuring. 
Chemistry of materials, 1997. 9(11): 2499-2506.) 
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is observed.  Once pore enlargement is obtained, an increase of the time of the hydrothermal synthesis 
results in structural disintegration.  The first step towards the structural disintegration is the formation 
of microporosity and a decrease in pore structure arrangement.   An excessive hydrothermal treatment 
leads to materials that have relatively small pore volumes and surface area.  Therefore, the optimal 
time for hydrothermal treatment is still an empirical approach and further study needs to understand 
the mechanism from fundamental perspective [126]. 
 
4.2.2.4.4 Effect of Acid Treatment 
 
Removal of organic templates from the composite is identified to be a crucial step to obtain well 
ordered pore structure with controlled pore diameter.  The template removal is dominated by the 
calcination step which thermally decomposes organic material and all pores are vacated in a single 
step.  The calcination process is carried out at higher temperature (550–800oC) which results in the 
extensive silanol condensation (removal of water and formation of rigid network of [Si – O – Si]) and 
shrinkage of the mesostructure.  Calcination also removes the organic templates completely.   This 
results in the formation of micro and mesoporosity in the same material [148].  Kleitz et al. reported 
an alternative method for the removal of the organic templates which is based on an acid treatment.  
This approach enabled the removal of large amounts of copolymer without initiating silica 
condensation.  The removal of templates is due to the high acid concentration combined with the 
oxidative cleavage of copolymer [129]. 
 
4.2.2.4.5 Effect of Swelling Agents 
 
To increase the pore size of a mesostructure,  different swelling agents such as 1,3,5-trimethyl 
benzene (TMB) or linear hydrocarbons are widely applied [125].  As discussed earlier, the core of the 
mesopore is formed by the aggregation of hydrophobic alkyl core.  Addition of a swelling agent 
results in the swelling of the alkyl core region without disturbing the hydrophilic shell.  The resulting 
material will  have larger pores with unchanged silica walls [149].  The mechanism of swelling and 
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other process parameters are shown in Figure 4.4.  The selection of swelling agents for the type of tri-
block copolymer surfactant is an interesting field of study.  Recently, it was found that the selection 
depends on two important criteria: (i) the swelling agents, which provides well ordered mesoporous 
structures, appears to solubilise in the surfactant micelles to a small or moderate extent, whereas 
strongly solubilised swelling agents results in poorly ordered structure and ultimately mesoporous 
silica foams[150]; (ii) the extent of solubilisation of swelling agent substance in micelles of a 
particular surfactant in the solution can be used to predict the extent of solubilisation relevant to the 
micelle–template synthesis (specificity in the swelling agent and the surfactant selection) [128].  If the 
solubility data of a specific surfactant–swelling agent system is not available, trends in the behaviour 
of similar compounds may be helpful to design the experiments [151].    
 
 
Figure 4.4  Mechanism of swelling and other process parameters on pre formation in preparation of 
mesoporous silica [149]. 
(a) Initial structure without changing any process parameters. 
(b) Addition of swelling agent i.e. TMB enhance the diameter of alkyl core. 
(c) Increasing temperature of hydrothermal treatment. 
(d) Increasing the catalyst/ Si precursor ratio effect by increasing hydrophobicity of silica. 
 
 
 
 
(a) 
(b) 
(c) 
(d) 
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4.2.3 Surface Functionalisation of Mesoporous Surfaces 
 
Preparation of materials with the properties of organic and inorganic building blocks in the same 
material with ability to tailor ratio of organic and inorganic building blocks is an attractive research 
area of material science. Such materials provide enormous functional variation of organic chemistry 
with the thermal and chemical stability of inorganic material which cannot be obtained with a single 
material [152-154].    
 
The chemical properties of the silica surface are mainly determined by the various silanol and 
siloxane groups that are present on the exterior as well as the internal structure.  The hydroxyl groups 
on the surface of silica particles can be easily prepared with organic compounds or polymers.  Silanol 
groups can be radily functionalised by the condensation of organo-silanes.  The most convenient 
technique for silica surface-functionalisation is the use of condensation  of silanol groups with 
suitable silane reagents [153].  A range of different procedures have been described for the 
silanisation of silica materials, including elevated and room-temperature organic phase, aqueous 
phase, vapour phase, and chemical vapour deposition [152-154]. 
 
All different methods for the surface functionalisation of mesoporous silica can be classified in two 
different pathways (1) post synthesis modification of pore surface of mesoporous silica surface, 
known as “grafting” (2) simultaneous condensation of silica precursors and organo-silanes, known as 
“co-condensation or direct synthesis”  
 
4.2.3.1 Post-synthesis Functionalisation of Silica (Grafting) 
 
The grafting process refers to the post synthesis functionalisation of mesoporous silica surfaces with 
the organic functional end groups.  This process is carried out via the reaction of organo-silanes of the 
type (R’O)3SiR or ClSiR3 (chlorosilanes) with the free silanol groups of the porous surface.  The 
reaction is explained in detail with an example in this chapter.  Functionalisation with a variety of 
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organic groups can be obtained by varying the functional end group (R) attached to the - Si group.  
Figure 4.5 describes the grafting pathway.   
 
 
Figure 4.5 Post synthesis pathways of surface functionalisation (grafting).  R is the organic functional 
group [139]. 
 
A major benefit of the grafting is, the original structure of the ordered mesoporous silica phase is 
retained whereas the pore diameters may be reduced depending on the size of organic functional end 
group attached to the surface of the pores and degree of functionalisation.  The preferential reaction of 
organo-silanes on pore opening may restrict diffusion of further organo-silanes molecules into the 
centre of pores resulting in non-homogeneous distribution of organic functional groups on the surface 
of pores, which can also result in a low surface occupation by organic functional group. 
 
4.2.3.2  Co-condensation (Direct Synthesis) 
 
An alternative to grafting for synthesis of organically modified mesoporous surfaces is the co-
condensation method.  Mesoporous silica is prepared by co-condensation of tetraethoxyorthosilicate/ 
silica precursor (SiR4) with trialkoxyorganosilanes of type (R’O)3SiR on the surface of the mesophase 
formed by the structure directing agents.  This pathway leads to organic functional groups attached 
covalently to the walls of the pores on mesoporous surface.    Organic functional groups are direct 
components of the pore wall.  This avoids the issue of reduction in pore diameter due to grafting.  
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Furthermore, organic functional groups are more homogeneously distributed on the pore walls 
compared to the grafting.  Figure 4.6 illustrates the process of the direct synthesis.   
 
 
Figure 4.6 Co-condensation method for surface functionalisation of mesoporous materials R is the 
organic functional group [139]. 
 
The applicability of the co-condensation method is limited by a number of disadvantages of the 
pathways:  degree of mesoscopic order decreases with increasing organo-silanes concentration in the 
reaction mixture, which leads to disordered organisation of pores; lower pore diameter and pore 
volume.  Consequently, the concentration of organic functional end groups is limited to 40 mol% in 
the mesoporous silica phase prepared.  Furthermore, fraction of terminal functional end groups 
incorporated in the pore walls is generally lower compared to corresponding initial concentration of 
organo-silanes.  Organic functional groups exposed to the surface are sensitive to temperature as well 
as harsh acidic treatment and may be destroyed due to calcinations or acid treatment, which is the 
conventional method for template removal [129, 148].  Considering the limited processing options, 
extraction is used as the method of choice for template removal. As extraction is known to fail in 
complete removal of the organic templates, application of co-condensation as a template removal 
method is very limited [129].  
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4.2.3.3  Mechanism of Silanisation 
 
The silica prepared by the sol-gel method via the hydrolysis and condensation of TEOS has hydroxyl 
groups exposed on the surface.  They can covalently interact with siloxanes.  The number of bonding 
interactions with the surface depends on the number of hydrolysable alkoxy silanes exposed to the 
surface.  Silane can be cleaved and the silanol surface regenerated by the action of strong base on the 
generated hydroxyl linkages between silane and surface.  In reality, the situation is more complicated 
and the exact modification method is still not fully understood. It is thought that the initial step is a 
rapid hydrolysis of the alkoxy groups to liberate silanols and release the alcohols (Step(a) Figure 4.7) 
[155]. The silanol groups then condense with the surface residues to form the siloxane linkages. In 
case of trialkoxysilanes, the presence of three silanol residues in the hydrolysis product can lead to 
multiple surface attachments.  
 
 
Figure 4.7 Silanisation of Glass with (3- mercapto propyl) tri-methoxy silane  (3-MPTS) in  
(a) The reactive groups of  physisorbed silane are hydrolysed by the surface water on a 
hydrated silanol (glass) surface,  
(b) followed by condensation which leaves the silane covalently bound to the oxide surface,  
(c) Thermal curing of the film, which, in cross-linking the free silanol groups, reduces the 
effect of hydrolysis of one or more of the siloxane linkages to the surface. 
 
(a) 
(b) 
(c) 
- 71 - 
 
The work of Kallury et al. with (3-aminopropyl) tri-ethoxy silane (3-APTES) has shown that 
providing the number of attachment sites on the surface is not limiting, the preferred conformation of 
the reaction product of monomeric 3-APTES on a glass or metal oxide has two sites of attachment and 
the third silanol remains free (Step(b) Figure 4.7)[156]. This leads to two possible effects. First, with 
3-APTES, the activity of the amine group is considerably lowered due to internal self-cyclisation and 
the ionisation produced by intra-molecular hydrogen bonds.   This lowered reactivity occurs even 
after thermal curing, which cross-links the remaining silanol groups (Step(c) Figure 4.7). The second 
effect is common to all trialkoxysilanes; namely, polymerisation can occur at the free silanol group on 
the surface or in solution prior to condensation with the solid substrate. 
 
4.3 Summary 
 
This chapter provides a review of different approaches reported for the preparation of surfaces with 
pore diameter up to 30nm and narrow pore size distribution.  The sol-gel process for the preparation 
of porous silica is discussed in brief highlighting limitations of the methods without employing 
sacrificial templates to obtain surfaces with pore diameter higher than 4nm.  Different approaches 
reported in the literature for controlling porosity, particularly employing co-operative self assembly of 
surfactants and silica is detailed in this chapter.  The selection rational for different types of 
surfactants, e.g. cationic, anionic and non-ionic, sol-gel reaction catalyst, different aging methods and 
methods for removal of sacrificial templates is discussed.  Furthermore, two different approaches for 
the functionalisation of mesoporous surfaces as well as silanisation mechanism are described.  The 
advantages and disadvantages of both approaches for surface functionalisation are highlighted too.    
 
A critical review of the current state of knowledge for different approaches and methods reported in 
the literature to prepare surface functionalised mesoporous silica with an ability to tune pore diameter 
and surface functional group provides the rational for selection of different approaches used to control 
pore diameter and surface functional end groups in preparation of surfaces in current study. 
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5.0 Materials and Methods 
 
5.1 Introduction 
 
To systematically investigate the effect of surface porosity, narrow pore size distribution and surface 
functional end groups on the crystallisation of biological macromolecules, surfaces, having 
mesoporosity, narrow pore size distributions and surface chemistry/ surface functional end groups, 
were prepared.  Such nucleant surfaces are called 3D nanotemplates.  3D nanotemplates were 
employed as nucleants to crystallise various protein systems varying in molecular weight, and 
physicochemical characteristics. 
 
This chapter outlines the synthesis and characterisation methods used in the current study for the 
preparation of 3D nanotemplates.  Furthermore, a brief overview of the characterisation methods 
selected is provided. Seven model proteins (lysozyme, thaumatin, trypsin, human serum albumin, 
concanavalin A (type-IV), catalase and ferritin) were selected to investigate the effect of 3D 
nanotemplates on crystallisation.   A brief account on the on current state of knowledge of the protein 
systems under investigation is discussed in this chapter in addition to the details of the experimental 
methods used. 
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5.2 Synthesis of 3D nanotemplates 
 
5.2.1 Synthesis of 3D nanotemplates with pore diameter 3.5±1.0nm (Effect of 
Catalyst Concentration) 
 
5.2.1.1 Materials 
 
The silica precursor tetraethylorthosilicate (TEOS) (98%, Sigma Aldrich, Dorset, UK), and hydrolysis 
reaction catalyst nitric acid (69%, Sigma Aldrich, Dorset, UK) were used as received for the synthesis 
of 3D nanotemplates with a pore diameter of 3-4nm.  Analytical grade deionised water (>18.2MΩ.cm 
at 25oC) was used as reactant for hydrolysis reaction with TEOS.   
 
5.2.1.2 Experimental Method of Synthesis 
  
In order to tune porosity in the low pore diameter range (typically 3-4nm), a sol-gel method was used 
[116].  In contrast to the previous sol-gel based methods reported here only water was used instead of 
a water-alcohol mixture.  Further, as acidic catalyst was used to promote the hydrolysis reaction.  
Different volumetric ratios of water and TEOS as well as catalyst and water were used to prepare 
different samples.  The reactant to catalyst molar ratios used for the synthesis was 12 – 155: 1: 0.026 – 
6 (H2O: TEOS: 2N HNO3).  In a typical synthesis, HNO3 was added to the deionised water (DI) and 
stirred for 30 minutes.  TEOS was added in the acid water mixture and the solution was stirred until 
the solution become clear.  The sol was transferred in to the glass moulds and sealed.  Sealed moulds 
were aged at 60oC for 72 hours in vacuum oven.  Aged samples were dried at 130oC for 48 hours in 
vacuum oven.  Before drying, the seal of the mould is removed.  Solid transparent glass discs were 
obtained as a result of drying.   These discs were sintered in a tube furnace at 600oC under a N2 gas 
environment resulting transparent glass discs.   
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5.2.2 Synthesis of 3D nanotemplates with pore diameter 5.5±1.5nm – 11.0±3.0nm 
(Effect of Sacrificial Templates) 
 
 
5.2.2.1 Materials 
 
 
The silica precursor tetraethylorthosilicate (TEOS) (98%, Sigma Aldrich, Dorset, UK), hydrolysis 
reaction catalyst hydrochloric acid (37%, Sigma Aldrich, Dorset, UK), the sacrificial templates 
Pluronic P123 (Sigma Aldrich, Dorset, UK) and F127 (Sigma Aldrich, Dorset, UK) and micelle 
stabilising agent potassium chloride (≥ 99%, Sigma Aldrich, Dorset, UK) were used as received for 
the synthesis of nanotemplates.  Analytical grade deionised water (>18.2MΩ.cm at 25oC) was used as 
a reactant for hydrolysis reaction with TEOS.   
 
5.2.2.2 Experimental Method of Synthesis 
 
To synthesise the material with higher pore diameter, two different sacrificial templates, e.g. tri-block 
copolymer surfactants (Pluronic F127 & Pluronic P123), were used.  In addition to the inorganic salt, 
potassium chloride (KCl) was used to stabilise the structure.  Also, different acid catalysts, e.g. HCl 
and HNO3, were also used [123, 133].  The molar ratio of the different additives, surfactant, silica 
precursor and the catalyst used in the synthesis conditions was 1.00: 0.0037: 3.36: 6.00: 155 (TEOS: 
F127: KCl: HCl: H2O) using Pluronic F127 surfactant as the template.  For Pluronic P123, the ratio 
was 1.00: 0.018: 3.36: 6.00: 165 (TEOS: P123: KCl: HCl: H2O).   
 
 In a typical synthesis, 0.5gm of Pluronic F127 and 2.5gm of KCl were added to a 30mL 2M HCl.  
The mixture is stirred at room temperature until the surfactant and inorganic salt were completely 
dissolved in the acidic solution (Approximately 2hours).  Silica precursor, TEOS (2.08gm) was added 
to a solution.  The solution was stirred for 24 hours at room temperature.  The sol so obtained was 
transferred to the Teflon bottle (30mL PTFE bottle, VWR, UK) and aged at 120oC under autogenous 
pressure for 48 hours in vacuum oven.  Hydrothermally aged samples were collected by filtration and 
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air dried under ambient conditions.  Dried samples were sintered in a tube furnace for 5 hours at 
550oC under a N2 gas environment to remove the organic templates from the material prepared.   
 
5.2.3 Synthesis of 3D nanotemplates with pore diameter 16.0±3.0nm – 22.0±5.0nm 
(Effect of swelling agents) 
 
5.2.3.1 Materials 
 
In addition to the materials described in section 5.2.2.1 of this chapter, 1,3,5-trimethylbenzene 
(TMB)(98%, Sigma Aldrich, Dorset, UK) and m-xylene (98%, Sigma Aldrich, Dorset, UK) were used 
as micelle swelling agents.  The reagents were used as received. 
 
5.2.3.2 Experimental Method of Synthesis 
 
To further increase pore diameter of the surfaces prepared while maintaining the order of the pore 
arrangement, micelle swelling agents were used in addition of tri-block copolymer sacrificial 
templates.  The organic solvents, TMB and m-xylene were used as micelle swelling agents in this 
study to increase the pore diameter.  In a typical synthesis, 0.5gm of Pluronic F127, 2.5gm of KCl and 
0.7mL of TMB/ 3.5mL of m-xylene were added to a 30mL 2M HCl solution.  The solution was stirred 
at 350 rpm for 24 hours in a sealed bottle.  The vapour pressure of the organic solvents added is high 
and leaving the synthesis mixture uncovered leads to evaporation of organic solvent and hence no 
enlargement of micelle was observed [157].  After 24 hours of mixing, the resulting solution is a 
white suspension to which 2.08gm of TEOS was added.  The solution is stirred for 24 hours at 
ambient temperature in a sealed container.  The sol so prepared was aged, dried and acid treated for 
the removal of organic templates following the method described below.  In a typical acid treatment, 
0.5gm of hydrothermally aged product was suspended in a 30mL 2M HCl solution and sealed in a 
Teflon bottle.  The suspension was treated at 140oC under autogenous pressure for 72 hours in a 
vacuum oven.  After acid treatment the material was calcinated at mild temperatures (200-250oC) for 
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4 hours in a tube furnace under N2 gas environment (heating rate 1oC) to remove any remaining 
organic templates.   
 
5.2.4 Surface functionalisation of 3D nanotemplates prepared with different pore 
diameter 
 
5.2.4.1 Materials 
 
The mesoporous surfaces prepared following the method presented in this chapter were used for 
silanisation without further purification.  Toluene (99%, VWR, UK) and analytical grade water were 
used as received.  Dodecyltriethoxysilane (Sigma Aldrich, Dorset, UK), triethoxyphenylsilane (98%, 
Sigma Aldrich, Dorset, UK), dichlorodimethylsilane (≥99.5%, Sigma Aldrich, Dorset, UK), 
trimethoxy(3,3,3-trifluoropropyl)silane (≥97%, Sigma Aldrich, Dorset, UK),  (3-aminoproply) 
triethoxysilane (≥97%, Sigma Aldrich, Dorset, UK) were used without further purification for the 
preparation of surfaces with functional end groups dodecyl, phenyl, chloro, trifluoro and amine 
respectively.  Ethanol (≥99%, VWR, UK) was used for washing of un-reacted silanes. 
 
5.2.4.2 Experimental Methods of Surface Functionalisation 
 
The protocol proposed by K. M. Kemner et al. was adopted and optimised for surface 
functionalisation of mesoporous templates prepared [153].   In a typical experiment, 4.5 gm of 
mesoporous silica was suspended in 125 mL of water.  The mixture was continuously refluxed at 
100oC for 4 hours.  After cooling to room temperature, the solid was removed by filtration and dried 
in vacuum oven at 60oC for 24 hours.  Hydrated samples was suspended in 250mL toluene and stirred 
vigorously at room temperature for 2 hours followed by addition of 7.5mL silane solution.  After 
addition of silane solution, the mixture was refluxed for 24 hours at 100oC.    After cooling to room 
temperature, the reaction mixture was filtered and washed with ethanol/ toluene at least 5 times to 
remove any unreacted silanes and dried under vacuum at 110oC for 4 hours.   
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5.3  Characterisation of 3D nanotemplates 
 
The 3D nanotemplates prepared were characterised for specific surface area, pore diameter, pore size 
distribution, surface wettability and surface functionality.  This section briefly describes the 
characterisation methods, sample preparation and equipment details and measurement conditions used 
in this study. 
 
5.3.1 Measurement of Pore Size and Pore Size Distribution 
 
Characterisation of the porous surfaces is well documented in the literature and several methods for 
determining pore diameter and pore size distribution have been developed [158, 159].  Different 
methods are based on different physical principle and utilise different probe molecules to measure 
porosity, which limits applicability of a particular method in selected range of pore diameters only.   
 
 
 
Figure 5.1 Summary of different methods used for characterisation of porosity and range of pore 
diameter applicable for each method [160]. 
 
Figure 5.1 summarises the different commonly used methods for pore sizes characterisation and their 
measuring ranges [160].  In this study, tri-block co-polymer templates are used as sacrificial templates 
AFM 
Characterisation 
methods can be 
used in this study 
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for pore formation, which are reported to result in open pores5 with cylindrical pore shape [122, 123, 
161].  Considering the shape of the pores and open porosity, the methods described in the Figure 5.1 
can be further narrowed down to the methods detailed in the Table 5.1. 
 
Table 5.1 Characterisation methods used for surfaces with cylindrical shape pores having open 
porosity [162]. 
 
Characterisation 
Method 
Applicable pore 
diameter range 
Advantages Disadvantages 
 
Small Angle X-ray 
Scattering (SAXS) 
 
0.5nm to 100nm 
 
Non destructive 
characterisation 
technique 
 
Only samples with 
ordered pore structure 
can be analysed;  
cannot provide 
information on specific 
surface area 
Image Analysis (Using 
TEM/ SEM) 
≥ 1nm  Provide optical 
information, can be 
used as good 
qualitative 
characterisation 
technique 
Very small sample 
size, which cannot be 
representative of whole 
sample to give 
quantitative 
information 
Nitrogen Adsorption 
[163] 
2nm to 50nm Well developed 
mathematical models 
(BET, BJH etc.) for 
characterisation of 
specific surface area 
and porosity.  Widely 
used non destructive 
characterisation 
technique 
Some mathematical 
models are known to 
provide lower estimate 
of pore diameters.  
Assumptions in 
development of 
mathematical model 
may lead to in accurate 
representation of pore 
diameter. 
Mercury Intrusion 
Porosimetry [163] 
4nm to 60µm Wide applicability of 
the techniques, good 
reproducibility 
Risk of breaking 
porous network due to 
pressure.  Samples 
cannot be recovered 
 
Table 5.1 also describes the pore diameter measurement range, advantages and limitations of the 
methods.  Considering the details reported in Table 5.1 and the nature of the 3D nanotemplates 
prepared in this study, the N2 adsorption measurement based on the Brunauer-Emmett-Teller (BET) 
model was used for determination of specific surface area.  The Barrett-Joyner-Halenda (BJH) model 
                                                           
5
 Two different topologies of pores is described in the literature (a) Open pores, which are linked to the surface 
and accessible to the fluids (b) Closed pores, which are isolated from the surface and confined within the solid. 
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was used for the calculation of pore size distributions [158, 161, 164-167].    To qualitatively 
complement the results, transmission electron microscopy (TEM) was performed. 
 
5.3.1.1  Surface Area and Pore Size Distribution Measurement by N2 Adsorption 
 
N2 adsorption measurements are widely used and an industrially accepted characterisation method for 
determining surface area and pore size distribution of various solid materials, e.g. catalysts, ceramics.  
In 1938 Brunnauer-Emmett-Teller proposed a model for determining the surface area from gas 
adsorption measurements on solid surfaces [166].  As far as pore size and pore size distribution are 
concerned, many different mathematical approaches have been presented till date on the basis of gas 
adsorption data, most of which are based on Kelvin equation.  In 1951, Barrett-Joyner-Halenda 
proposed a mathematical model based on BET calculations and assumption of the rigid cylindrical 
pores.  It is the most commonly used method for determining pore diameter and pore size distributions 
for surfaces with cylindrical pores and structured pore arrangement [167]. 
 
Working Principle 
In this study, adsorption isotherms were obtained using a Micromeritics ASAP Tristar 3000 
(Micromeritics Instrument Corporation, USA), which operates on the static volumetric adsorption 
principle.  In static volumetric measurements, a known amount of gas is admitted to the evacuated 
sample tube of known volume containing adsorbent of precisely measured mass and density.  The 
sample tube is maintained at constant temperature of -195.8oC.  During the adsorption process, the 
pressure in the confined sample tube falls until the pressure reaches equilibrium.  At the equilibrium 
pressure, the amount of gas adsorbed can be calculated from the difference of the gas admitted and 
amount of gas required to fill the dead space, which can be defined as the volume of the sample tube 
not occupied by the sample.    The volume of the dead space is measured accurately by admitting inert 
gas (He), which adsorbs on the surface to a negligible extent.  The adsorption isotherm is constructed 
by step-by-step admission of successive gas charges using an accurate volumetric dosing systems, 
known as gas manifold [163, 168].   
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Evaluation of Isotherms and Determination of Surface Area 
A N2 adsorption isotherm is usually presented in quantity adsorbed as a function of partial pressure.   
There are six common types of isotherms (Figure 5.2(a)) reported in the literature and detailed 
elsewhere. They are related to the type of pores (e.g. mesopores, micropores) and nature of hysteresis 
in the isotherm between adsorption and desorption isotherms is related to the pore shape and pore 
arrangements (Figure 5.2 (b)) [158, 163].   
 
 
 
 
Figure 5.2 Classification of (a) adsorption isotherms and (b) hysteresis [158, 163]. 
 
The BET model, which is a generalised Langmuir model for single molecular layer adsorption and 
incorporated the concept of multilayer adsorption, brought major advances in the adsorption theorem 
[166].   The fundamental assumption of the theory is, the forces active in the condensation of gases 
are responsible for the binding energy in multilayer adsorption.   The mathematical equation for the 
BET model is expressed as follows: 
 
$
mn3$% , $1 
1m + 3	
 − 1)m	
 o $$%p 
.... (5.1) 
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Here, Va is the volume adsorbed at pressure P, Vm is the volume adsorbed when the entire surface is 
covered with a theoretical monolayer; CBET is the BET constant; P0 is the saturation of the gas.  The 
BET constant can be mathematically defined as 	
 ∝ r3
s
t)/u where E1 is the heat of adsorption 
of the first layer of probe molecules, e.g. nitrogen, EL is the heat of liquefaction of the adsorptive, R is 
the universal gas constant and T is the absolute temperature.  A plot of  $/[mn3$% − $)] as a function 
of $/$% yields a straight line.  This is known as the BET surface area plot.  The slope of the line is 3	
 − 1)/m	
.  The intercept of the line is 1/m	
.  The values of Vm and CBET can be 
obtained by plotting the straight line or regression line through the points.  Knowing the volume of the 
theoretical monolayer, Vm, and cross section area of the nitrogen, am=16.2Å2, the total and specific 
surface area of the solid can be calculated with the following, 
/ = mxyi/mn\ 
.... (5.2) 
where As is the BET specific surface area, NA is Avogadro number, am is cross sectional area of the 
probe molecule, m is sample mass.  Plotting adsorption data obtained using nitrogen as a probe 
molecule for various solids in accordance with equation (5.1) results in a straight line between P/P0 
values from 0.05 to 0.3.  The upper limit of P/P0 is sometimes observed to be as low as 0.2.  If the 
BET method is applied appropriately, the value of CBET is observed to be in the range of 50 to 300 
(using nitrogen as a probe molecule) at -195.8oC [163, 166, 168].  In the case of BET surface areas 
higher than 500m2/gm and CBET value higher than 300, the results should be questioned and 
empirically cross verified via isotherm analysis with the surface area standards commercially 
available.  Adsorption on microporous surfaces yields in very high or negative values of CBET and the 
measurements is not amenable to the BET analysis method [163, 166, 168]. 
 
Assessment of Porosity 
Pore size distributions are calculated from gas sorption isotherm measurements.  For the calculation of 
pore size distributions, an appropriate mathematical model (e.g. cylindrical pore model, wedge pore 
model, ink bottle pore model) should be selected.  Furthermore, appropriate selection of the 
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isotherm’s branch for the calculation of the pore size distribution is a variable in the process.  During 
desorption step the pore core is emptied leaving a residual layer.  The thickness of this layer needs to 
be determined for the accurate calculation of the pore size distribution.    
 
The Kelvin equation, which is derived based on the thermodynamic consideration of adsorption of 
vapour on the surfaces of solids, predicts higher pore diameters.  The mathematical form of Kelvin 
equation is formulated as 
RT ln o $$%p = −20mfWgh&  
.... (5.3) 
where, γLV is the surface tension of the probe molecule, θ is the contact angle of probe liquid with 
surface, VL is the volume of probe molecule, rK is the Kelvin radius.  Using nitrogen as a probe 
molecule a measurement temperature of -195.8oC, and contact angle 0o, the Kelvin radius is  
 
& = 0.415ln 7 $$%9  2\ 
.... (5.4) 
The Kelvin radius should not be confused with pore radius.  If the pore shape is cylindrical, the pore 
radius is rp and t is the thickness of the residual layer adsorbed on the pore wall. Then, 
 
&' = & +  _ 
.... (5.5) 
The Error in the pore size distribution calculated by the Kelvin equation increases with lower pore 
diameters and becomes inapplicable in case of the very low pore diameters, when the surface texture 
of the fluid becomes important.  However, the nitrogen sorption isotherms are measured with high 
accuracy.  The calculation of pore diameter and pore size distribution from the isotherm data is 
increasingly difficult considering limited applicability of the Kelvin equation in low pore diameter 
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range and also difficulty in accurately determining the thickness of residual layer when the core of the 
pore is emptied [171].    
 
Various empirical correlations were reported between partial pressure and the thickness of a residual 
layer.  Wheeler proposed, adsorption on the surfaces of low pore diameter is higher compared to the 
open surface and suggested used of Halsey’s equation [169]. De Boer et al. reported the t-curve 
approach which is widely used and accepted approach [170].  According to the t-curve approach and 
assuming that at temperature of measurement, the adsorbed nitrogen monolayer has the same molar 
volume as bulk liquid nitrogen.  Hence, the isotherm can be represented as a plot of thickness of the 
residual layer as a function of partial pressure [170].  Harkins and Jura proposed an empirical equation 
for calculation of the t-curve which is valid in the partial pressure range 0.3<P/P0<0.8: 
_ = ~ 0.13990.034 − 6WX $$% 
.... (5.6) 
From partial pressure range 0.8 to 0.95 following empirical equation holds for calculation of t-curve 
[171] 
6WX $$% = 0.1611_ + 0.1682r.= 
.... (5.7) 
De Boer et al. later, reported that the thickness of the residual layer on cylindrical pores is different 
than the same on the surface at the same pressure and proposed a modified form of the Kelvin 
equation, which is mathematically expressed as: 
-62 '' = ^tn + 2.303-. 3_)) 
.... (5.8) 
where, am is the area occupied by one molecule, and F(t) can be calculated from equation (5.6) and 
(5.7).  Later this equation was also later extended to the ink bottle type pore and applied to cylindrical 
and slit shape pores [170]. 
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Pore Size Distribution Determination 
The conventional way of measuring pore size distribution is to start at the saturated vapour pressure at 
which all pores are assumed to be filled with liquid.  The controlled reduction of pressure results in 
desorption of a known quantity of vapour.  During the relative reduction of the relative vapour 
pressure from stage 1((P/P0) =0.99) to stage 2, all pores with Kelvin radius greater than &[will be 
emptied except for the residual layer.  Simple models for pore size determinations were derived with 
the assumption of complete removal of fluids from the pore where as other models assume reasonable 
values for thickness of residual layer.   
 
Barrett, Joyner and Halenda (BJH) derived a model for the calculation of pore size distributions.  This 
model is also known as the cylindrical pore model.  The model is developed based on the numerical 
integration of the Kelvin equation and the assumption that the thickness of the residual layer is the 
same for the plane surface and within the pores.  The BJH model assumes cylindrical shape of the 
pores.  The proof of this model and its application is discussed elsewhere [167, 172].    
 
Recently,  Kruk, Jaroniec and Sayari proposed a modification of the Kelvin equation for the 
calculation of pore size distribution for mesoporous solids with well defined pore geometries and pore 
arrangements  (e.g. molecular sieves, M41S, SBA, FDU class of materials) using N2 adsorption 
measurements.   Kruk et al. used a high resolution αs – plot method for the calculation of the total 
surface area, external surface area and primary mesopore volume [126, 147, 165]. The size of the 
primary mesopores is calculated using following formula: 
D  fD o
m'1 + m'p

 
.... (5.9) 
where d is the (100) interplanar spacing calculated using XRD, ρ is the density of pore walls (for 
silica surfaces 2.2g/cm3) and f  38/33s[B11/=1.213 is a constant.  Equation (5.9) is derived for the 
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structure of uniform cylindrical pores arranged in a hexagonal pattern with the (100) interplanar 
spacing d.  However, based on the geometry of the pore arrangement constant c can be calculated 
[147]. 
 
The statistical film thickness of nitrogen on the pore walls can be estimated from the ratio of the 
amount adsorbed in the primary mesopores to the maximum amount adsorbed. 
_3$/$%1   D'2 1 − Tm',n −  m' 3$/$%)m',n V/ 
.... (5.10) 
where,  m' 3$/$%) is the amount adsorbed in primary mesopores as a function of pressure and m',n is the maximum amount adsorbed on primary mesopores.  As shown in equation (5.5), the 
statistical correction calculated was added to the Kelvin equation for calculation of pore diameter. 
Kruk et al. experimentally validated the corrected Kelvin equation [126, 147].  
 
&' o $$%p = − 20m- ln 3$/$%)  +  _3$/$%) 
.... (5.11) 
Experimental validation of equation (5.11) revealed that the pore radius was underestimated by 
0.3nm.  Hence, a corrected form of the Kelvin equation is proposed for the estimation of the pore 
diameter of mesoporous surfaces with geometrically organised pores. 
 
&' o $$%p = − 20m- ln 3$/$%)  +  _3$/$%)  +  0.3 
.... (5.12) 
The BJH algorithm is applied to the corrected Kelvin equation (equation 5.12) for the calculation of 
pore size distributions [147].   
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5.3.1.1.1  Sample Preparation and Experimental Details  
 
Approximately 200 – 300mg of 3D nanotemplate samples was conditioned under helium purge at 
250oC for 24 hours.  The mass of samples post-conditioning is measured and considered for 
measurements.  A fully automated Micromeritics Tristar 3000 (Micromeritics, Norcross, USA) 
system was used for the measurement of isotherms at -195.8oC.  The surface area and pore size 
distributions were calculated using the BET and BJH methods respectively based on the isotherm 
using the Micromeritics Analysis Software (Micromeritics, Norcross, USA). 
 
5.3.1.2  Measurement of Pore Diameter using Transmission Electron Microscopy 
 
Working Principle 
Transmission electron microscopy is a widely applied characterisation method for nanostructures, e.g. 
nanoscale porosity, topographical feature.  The physical principle of the TEM is similar to a normal 
scanning electron microscope.  Thin specimens are generally suitable for investigation using TEM.  
Thin specimen of the nanostructured material (e.g. mesoporous silica) is dispersed on commercially 
available carbon holy gridsTM and a beam of electron is focused on the sample.   Nanostructures, 
particularly ordered nanoscale porosity feature electron transparency.  Two different types of 
detectors are used for detecting transmitted electrons, namely bright field detector and dark field 
detector.  A bright field detector includes the transmitted beam and nanoscale cavities in the specimen 
appear bright, whereas the dark field detector excludes the transmitted beam and cavities appear dark.  
TEM equipment has significantly higher accelerating voltage (100-300kV) as compared to a SEM 
equipment (5-30kV).  A higher accelerating voltage means increased specimen penetration which 
allows the transmission through thin specimens.  Another important advantage is an increasing 
acceleration voltage reduces the electron wavelength, which leads to higher spatial resolution and 
provides capability to have atomic level resolution within the specimen.   
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In this study a JEOL 2010 (JEOL Ltd., Japan) TEM equipment was used.  The equipment is having 
spatial resolution up to 0.23nm at 200kV.  The emission source is lanthanum hexabromide (LaB6).  
The TEM is a well developed nanostructure characterisation technique and further details of the 
equipment operation are reported elsewhere [173].  
 
5.3.1.2.1 Sample Preparation and Experimental Details for TEM 
 
Approximately 5mg of the 3D nanotemplate sample was dispersed in 5mL of ethanol and sonciated 
for 1minute.  Sonicated suspension containing 3D nanotemplates were pipetted and deposited on a 
3.05mm diameter carbon coated copper grid (175 mesh size) (Agar Scientific, Essex, UK) and dried 
under atmospheric condition.  The grid is mounted on a beryllium specimen cup and fixed in place 
using a HexringTM clamping system on a double tilt sample holder (Gatan Ltd., Corby, UK).  The 
beryllium cup and HexringTM clamping system minimise non-specimen signals.  The transmission 
electron micrographs obtained in this study was imaged with a JEOL 2010 STEM (JEOL Ltd., Japan) 
system operated at 200kV.  All transmission electron micrographs presented in this study are bright 
field images and processed with the JEOL software. 
 
5.3.2  Characterisation of Surface Functional end groups/ Surface Chemistry for 3D 
nanotemplates 
 
The physicochemical interaction of a solid material with the external environment occurs via surfaces.  
In order to understand the interaction of the solid surface, it is essential to characterise and quantify 
the surface chemistry.  Chemical specificity and ability to quantify the elements present on the surface 
with information on its chemical state provide X-ray photoelectron spectroscopy an edge over other 
characterisation methods.   XPS is sensitive only to 10nm of the surface.  The spatial resolution is 
usually low and the technique is an area-averaging technique, which is an added benefit for analysing 
3D nanotemplates.  Furthermore, the quantification of XPS spectra does not require complex 
mathematical models [174].  Considering the advantages discussed for the quantification of functional 
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end groups present on the surfaces of 3D nanotemplates, X-ray photoelectron spectroscopy was 
selected as a characterisation technique. 
 
5.3.2.1 X-ray Photoelectron Spectroscopy 
 
X-ray photoelectron spectroscopy (XPS) also known as Electron Spectroscopy for Chemical Analysis 
(ESCA) is based on the principle of a photoelectric effect.  In XPS, photoemission is obtained with a 
X-ray photon of energy hv.  This electron causes the ejection of one electron from the core level.   The 
energy of ejected electron known as photoelectron is measured and data is presented in the form of 
electron current intensity as a function of electron energy.   This is also known as a X-ray induced 
photo electron spectrum. 
 
Working Principle 
The sample is mounted in the sample chamber under ultra high vacuum condition (10-8 to 10-10mbar).  
The X-ray photons of known energy are supplied on the sample resulting in the emission of 
photoelectrons from the core level.  However, the spectrometer measures the kinetic energy (Ek) of the 
photoelectron, it depends on the energy of X-ray photons and cannot be considered an intrinsic 
material property [174].  The photoelectron can be indentified in terms of the element as well as its 
specific atomic energy state by its binding energy, which can be calculated using  
 
	 = ℎ* −  − Φ 
.... (5.9) 
where EB is binding energy of the electron, EK is the kinetic energy of the electron,  hv is the energy of 
photon and + is the work function of the spectrometer.   
 
The electronic structure of an element can be represented accurately by the photoelectron spectrum, as 
each electron that has a binding energy less than energy of photon can be found in the spectrum.   The 
characteristic peaks in the spectra are the results of the core level electrons excited and escaped 
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without energy loss.  Electrons experiencing inelastic scattering and losing energy ends up 
contributing to the background.  The ionised atom must relax after emitting a photon electron, which 
is achieved either by X-ray fluorescence, the process of emitting X-ray photons, or ejection of an 
Auger electron. 
 
The binding energy of the core level electron is unique, which provides important information about 
its element and chemical state with high accuracy and sensitivity.  This ability provides XPS an 
advantage over other techniques used for characterising surface chemistry [174]. 
 
5.3.2.1.1 Sample Preparation and Experimental Details 
 
The samples were mounted on the XPS sample stage using two sided adhesive tape and measurements 
were carried out at ultra high vacuum typically lower than 10-8mbar.   XPS spectra were obtained on 
all 3D nanotemplate surfaces using a Thermo VG Scientific Sigma Probe X-ray Photoelectron 
Spectrometer (Thermo VG Scientific, East Grinstead, U.K.).  The equipment has a spatial resolution 
of 800 × 600µm with an oval shaped spot.  The spectrometer is equipped with a microfocous 
monochromatic AlKα source and a standard twin anode source (AlKα/MgKα).  In this study, the twin 
anode AlKα X-ray source with an energy of hv=1486.6eV was used.  All survey spectra were 
collected at pass energy of 100eV, whereas all high resolution core spectra were collected at pass 
energy of 20eV.  After removal of the non-linear Shirley background, high resolution core level 
spectra were used for the quantification of the functional end groups present on the surface.  The high 
resolution data was fitted using the Avantage software (Thermo VG Scientific, East Grinstead, U.K) 
for quantitative analysis.   
 
5.3.3 Surface Wettability of 3D nanotemplates 
 
The surfaces functionalised with different end groups have been studied to the verify influence of 
surface functional end groups on wettability.  For characterisation of the wettability of solid surfaces, 
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the most common methods are sessile drop, capillary rise and Wilhelmy plate [175].  The sessile drop 
contact angle method was selected for the characterisation of surface wettability of the 3D 
nanotemplates prepared in this study.  In this study the wettability of the 3D nanotemplates prepared 
were measured using the contact angle of water.    
 
Working Principle 
As a result of intermolecular interaction, wetting permits liquid to maintain contact with solid surfaces 
when a liquid is brought in to contact with the solid.  Wettability is a measure of the force balance 
between adhesive and cohesive forces.  The angle at which the liquid-vapour interface meets the solid 
liquid interface is defined as the contact angle.  Placing a liquid droplet on a smooth, perfectly planar, 
horizontal and chemically homogeneous surface, the droplet spreads on the surface until it reaches an 
equilibrium contact angle.  The equilibrium angle is the angle at which cohesive interactions of the 
liquid, responsible for maintaining the shape of the droplet, are counter-balanced by the adhesive 
interactions, responsible for liquid spreading.   The equilibrium contact angle of a liquid (with known 
surface tension properties) is correlated with the surface energy by Young’s equation.   
 
0 . fWgh  0 ,  0 
.... (5.10) 
where, 0 is the liquid-vapour surface tension, 0 is solid-vapour interfacial tension, 0is solid-
liquid interfacial tension and h is contact angle [176].  The sessile drop contact angle is easy and 
straight forward method for the determination of surface wettability.  The sensitivity of the contact 
angle is limited to the first 10Å of the surface [175]. 
 
5.3.3.1 Sample Preparation and Experimental Details 
 
A Krüss Drop Shape Analyser DSA 10 (Krüss GmbH, Hamburg, Germany) was used for the static 
sessile drop contact angle measurement.  Analytical grade water was used as the probe liquid and the 
measurements were carried out at ambient conditions.  The shape of the droplet was fitted with a 
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tangent method to obtain the contact angle using the Drop Shape Analysis software (DSA version 1.0) 
(Krüss GmbH, Hamburg, Germany).  A minimum of 5 droplets on 3 different samples of the same 
surface chemistry were measured. 
 
5.4 Crystallisation of Proteins 
 
5.4.1 Lysozyme 
 
Lysozyme, which received its name from Sir Alexander Fleming in 1922, is also known as 
muramidase, which is a glycoside hydrolases and known to catalyse the hydrolysis of 1,4 beta-
linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in a peptidoglycan 
[177-180].  Lysozyme is an oval shaped protein with a molecule aspect ratio of 1.73.  It can be found 
in secretions (e.g. tears, saliva, human milk) in abundant quantity [181].  Lysozyme is widely studied 
as a model protein system to understand the physicochemical properties of proteins. 
 
The physicochemical properties of lysozyme under different salt and buffer conditions, e.g. radius of 
gyration, hydrodynamic radius, protein charges, are documented in the previous studies [181-186].  
The molecular weight of lysozyme is 14.7kDa and its pI is 11.  The dimension of the molecule is 
reported to be 3.0 nm × 3.0 nm × 4.5 nm [187].   
 
The crystal structure of lysozyme was first reported by Phillips et al. in 1965.  The first reported 
crystal structure was tetragonal with the space group P43212 and unit cell dimensions of a=b=79.1Å, 
c=37.9Å [177, 178].    The effect of heterogeneous nucleants (e.g. nanoporous silicon, bio-glass, 
polymeric surface, modified mica)  on its crystallisation is well documented, and hence provides the 
opportunity of comparison of the crystallisation results obtained in the current study with the different 
heterogeneous nucleation based approaches adopted in the past [23, 24, 30, 47, 66, 67, 69, 73, 105, 
187-190].    
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The crystal quality of the lysozyme crystal was found to improve using molecularly imprinted 
polymers as nucleant [27].  The crystal morphology of lysozyme was reported to be influenced by the 
epitaxy of the surface.  McPherson et al. reported epitaxial growth of different morphologies of 
lysozyme crystals on the surfaces of apophyllite and topaz crystal facets.  Furthermore, Falini et al. 
reported the effect of surface wettability on crystal size, crystal density and crystallisation 
concentration of lysozyme [30].   
 
Table 5.2 Summary of different polymorphic forms of lysozyme reported in the literature. 
Lysozyme 
Crystal 
Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
orthorhombic P212121 a) NaCl as precipitant, acetate buffer at 
pH 10 (-Cl- ions) [191, 192]  
58.58 68.40 54.25 
b)  High temperature crystallisation 
(crystallisation temperature 37oC; 
transition from tetragonal to 
orthorhombic form at 25oC [193]) 
56.30 73.80 30.40 
monoclinic P21 a)  3% NaNO3 as precipitant, acetate 
buffer at pH 4.5 (NO3- ion effect) [192] 
27.90 63.10 60.60 
b)  3% NaI as precipitant, acetate buffer at 
pH 4.5 (-I- ion effect) [192] 
28.10 63.10 60.40 
c)  KSCN as precipitant, acetate buffer at 
pH 4.5 (-SCN ion effect) [194] 
28.06 63.00 60.40 
monoclinic C2  (NH4)2SO4 as precipitant at pH 4.6 of 
acetate buffer [195] 
65.60 95.00 41.20 
tetragonal P43212 NaCl as precipitant, acetate buffer at pH 
4.5 (-Cl- ions) [192] (KCl, MgCl2, NH4Cl 
in acetate buffer at pH 4.3[194]).  –Br- 
ion is also reported to result in this form 
[196] 
79.10 79.10 37.90 
triclinic P1 2%NaNO3 as precipitant, acetate buffer at 
pH 4.5 (NO3- ion effect) [192] 
27.50 32.10 34.40 
trigonal P3121 MgSO4 as precipitant, Tris buffer at pH 
7.8 [195] 
87.38 87.38 73.73 
 
 
Lysozyme is known to crystallise in six different polymorphs.  This polymorphism can be attributed 
to effect of the precipitating salt and temperature of crystallisation [196].  Different forms of 
lysozyme crystals and their method of crystallisation are described in Table 5.2.  The orthorhombic 
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form of lysozyme is the thermodynamically most stable form.  All other crystals forms coverts in to 
the orthorhombic form by heating up to 30oC [196, 197].   
 
5.4.2 Thaumatin 
 
Thaumatin is the sweetest compound known to human kind, which is ∼100,000× on molar basis and 
∼3000× on mass basis more sweet than sugar, isolated from the thaumatococcus daniellii, a west 
African shrub [198, 199].  It is a plant protein, which belongs to the group of parthenogenesis related 
proteins.  Thaumatin consists of five different sweet forms out of which two are the major 
components, known as Thaumatin I and II, where as Thaumatin a, b and c are minor components.  All 
of these forms are having similar molecular weight 22kDa [200].  Thaumatin I is the most common 
and widely studied form of all thaumatin forms [199, 200].   
 
Physicochemical properties of thaumatin are well studied and documented in the literature.  Ashire et 
al. recently reported the solubility of thaumatin using different stereoisomers of sodium potassium 
tartrate as the precipitant [201].  The diameter of gyration of thaumatin was reported in the literature 
and its hydrodynamic radius was measured as a function of different precipitating agent concentration 
and temperature of crystallisation [202, 203].  The protein charge behaviour under sodium potassium 
tartrate in PIPES buffer pH 6.8 has been determined to be +5 and reported in the literature [30].   
 
Crystal structure of thaumatin was reported by de Vos et. al. The crystal obtained in this study were 
indexed to be orthorhombic having space group P212121 with unit cell parameter of a=74.42Å, 
b=53.35Å and c=52.25Å [199].   The thaumatin molecule consists of many basic amino acids and has 
a pI of 12 [199]. 
 
Thaumatin is considered as a model protein for understanding and developing crystallisation methods.  
Improvement of crystal quality and induction time of thaumatin using microfluidic devices has been 
recently reported by Stojanoff et al.[204].  McPherson and co-workers reported  an exponential decay 
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in the growth rate of thaumatin crystals with a decrease in supersaturation using atomic force 
microscopic measurement and also reported the size of a growth unit as a function of surpersaturation 
[202, 205-207].  Furthermore, the crystallisation of thaumatin is also studied to differentiate 
nucleation and growth phenomenon either by dynamic light scattering or using ATR-FT-IR 
spectroscopic imaging technique [208-210].  Various studies used thaumatin to investigate the 
influence of heterogeneous nucleants (e.g. bioglass, porous silicon, polystyrene surface, surface 
functionalised mica/ glass, molecularly imprinted polymers) on the crystallisation of biological 
macromolecules reporting lower induction time, crystallisation at lower supersaturation and 
improvement of crystal quality using different heterogeneous nucleants [25-29, 87, 211].   
 
Four different polymorphs of thaumatin are known namely monoclinic, orthorhombic, tetragonal and 
hexagonal [200, 212, 213].  Different polymorphic forms of thaumatin reported in the literature and 
their methods are detailed in Table 5.3. 
 
Table 5.3 Summary of different polymorphic forms of thaumatin reported in the literature. 
Thaumatin 
Crystal Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
Orthorhombic P212121 PEG (M.W.3350/ 4000) precipitant, 
Tris-HCl buffer pH 8.0 (Effect of 
precipitant).[212, 213]  
44.30 63.70 72.70 
monoclinic C2 PEG (M.W.3350/ 4000) and NaCl 
precipitant, with no buffer (Effect of 
precipitant) [212, 213]. 
117.70 44.90 38.00 
tetragonal P41212 KNaC4H4O6 precipitant, sodium-N-2-
acetamidoiminodiacetic acid (ADA) 
buffer at pH 6.8 [200, 212]. (L-sodium 
potassium tartrate is reported to result in 
tetragonal form [214]) 
57.77 57.77 150.13 
hexagonal P61 (NH4)2SO4, LiSO4, MgCl2, glycerol and 
PEG (M.W. 400) in acetate buffer pH 
4.5.  Crystallisation temperature was 
4oC. (Effect of temperature)[213] 
144.80 144.80 47.70 
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5.4.3 Trypsin 
 
Trypsin, which was first discovered by Kuehne in the year 1886, is a pancreatic protease from the 
serene protease family usually found in the digestion system of many vertebrates [215].  Trypsin is  
well known its specificity in cleaving the peptide chains, mainly at the carboxyl side of the amino 
acids lysine or arginine.  The Asp 189 (Aspartate residue) located in trypsin is considered to be 
responsible for its specificity as it attracts and stabilises the positively charged lysine or arginine 
[216].  However it is well known that if lysine or arginine is bound to N-terminal proline, trypsin fail 
to cleave these amino acids [217].  It is commonly used during proteomics research, to cleave proteins 
into peptide chains for mass spectrometry experiments. 
 
Physicochemical properties of trypsin have been well studied and reported in the literature including 
its radius of gyration, hydrodynamic radius, specific surface binding or adsorption properties and 
charge behaviour under different pH ranges [216, 218, 219].  Caracciolo et al. reported the effect of 
pH on the radius of gyration of trypsin [222].  The radius of gyration was reported to be 1.8nm at pH 
8.  Koutsopoulos et al. reported the adsorption of trypsin on the surface of hydrophilic silica as well as 
hydrophobic polystyrene surface.  The trypsin molecule clusters were found to be preferentially 
adsorbed on the surface of silica [221]. 
 
Trypsin was first crystallised by Northrop and Kunitz (1938) which was purified from bovine 
pancreases [220].  The initial motive for crystallisation of trypsin was to purify the enzyme for its 
application in biochemistry.  Trypsin has the highest activity out of all serene proteases and is subject 
to autolysis within minutes under solution conditions at pH 7-8.  Unfortunately, this is the 
crystallisation pH of the protein as well.  Hence, while trypsin has been extensively studied for 
biochemistry applications,  it escaped structure determination till 1971, when Stroud and co-workers 
used diisopropyl fluorophosphates as an inhibitor and reported the high resolution crystal structure of 
DFP-trypsin [221].  The crystal structure reported with benzamidine as an inhibiting agent represents 
a good model for the binding sites responsible for specificity towards lysine and arginine [221].  The 
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crystal structure reported for trypsin is orthorhombic with a space group P212121 and unit cell 
parameters of a=54.8Å, b=58.7Å and c=67.6Å [222, 223].   
 
Effects of heterogeneous nucleants on the crystallisation of trypsin have also been studied and the 
crystals of trypsin were obtained on surfaces of bioglass, porous silicon, carbon-nano-tubes and 
molecularly imprinted polymers at lower induction times compared to the homogeneous nucleation.  
Furthermore, the  crystal quality is reported to be enhanced using molecularly imprinted polymers 
[25-27, 72].  Trypsin has also been used to understand effect of membrane crystallisation techniques 
on crystallisation biological macromolecules [224].  Trypsin growth is reported to be a linear function 
of supersaturation by Plomp et al. [225].   
 
Three different polymorphic forms of trypsin co-crystals with different inhibitor ligand additives were 
reported. However, native trypsin was only reported to crystallise in the orthorhombic form [226, 
227]. 
 
5.4.4 Human Serum Albumin 
 
 
Human serum albumin (HSA) is abundantly available in human blood plasma.  It is a multifunctional, 
non-glycosilated, negatively charged monomeric protein, which is made up of 585 amino acids, 
having an ellipsoidal shape in solution.  HSA has ligand binding and transport properties, antioxidant 
functions and enzymatic activity, which makes it biochemically interesting as well as therapeutically 
important [228].  HSA is the transport protein for un-esterified fatty acids as well as capable of 
binding a range of metabolites, drugs and organic compounds [229]. It is known to be formed in the 
liver and physiologically responsible for maintaining the colloidal osmotic pressure.  It accounts for 
50% of the total plasma protein content and present in the blood at concentration of ∼ 0.6 mmol/L 
[230]. 
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The radius of gyration  of the HSA molecule has been studied using small angle X-ray diffraction 
studies and is reported to be varying from 2.67nm to 3.45nm for a pH range of 2.5 to 7.0 [231].  The 
hydrodynamic properties of HSA have also been reported with hydrodynamic diameter 5.4 – 7.2nm 
depending on the salt solution used for preparation of solution [232].  HSA is reported to have an 
isoelectric point of 4.7-5.2. 
 
Table 5.4 Summary of different polymorphic forms of Albumin reported in the literature. 
HSA Crystal 
Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
Orthorhombic P212121 PEG (M.W. 1000) as precipitant with 
cacodylate buffer at pH 6.0[233]. 
155.00 83.00 122.00 
P21212 Protein solution in decanol, saturated 
ammonium sulphate precipitant with 
potassium sulphate buffer at pH 6.0 
temperature 4 oC [234]. 
133.30 274.80 58.00 
monoclinic C2 PEG (M.W.3350) as precipitant with 
sodium (or potassium) phosphate buffer 
pH 7.0 -7.5.  three or long chain fatty 
acids used as additives, i.e. palmitic 
acid; temperature 4oC (Influence of 
Additives) [235]. 
187.20 39.00 96.90 
P21 PEG (M.W.3350) as precipitant with 
sodium (or potassium) phosphate buffer 
pH 7.0 -7.5.  temperature 22oC 
(Influence of Temperature) [235]. 
58.90 88.30 60.70 
tetragonal P4212 PEG (M.W. 4000) as precipitant as 
precipitant with sodium (or potassium) 
phosphate buffer pH 7.0 -7.5. 
temperature 4 oC [236].  
185.50 185.50 81.00 
hexagonal P61 Defatted protein, saturated ammonium 
sulphate as precipitant with potassium 
phosphate buffer at pH 7.0. temperature 
22oC(Influence of Temperature) [237]. 
96.20 96.20 144.00 
triclinic P1 Defatted protein, saturated ammonium 
sulphate as precipitant with potassium 
phosphate buffer at pH 7.0-8.0 
temperature 4oC [235]. 
51.70 66.60 108.10 
 
HSA crystals were first reported by Adair and Taylor in 1935, with the motive of isolation and 
purification of the protein [238].  Despite the many different forms of crystals and different 
crystallisation methods reported in the literature, poor reproducibility of the methods did not allow 
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structure determination until 1989.  The three dimensional crystal structure for HSA was resolved 
with resolution of 6Å reporting space group, which is rarely found in protein crystals, P4212 with unit 
cell parameter a=b=185.5 Å and c=81.0 Å [236].  A further refined structure of HSA up to resolution 
of 2.8Å as well as six other crystals forms were reported by He and Carter [235, 239] .  The details of 
all crystals forms reported in the literature as well as the method of crystallisation are summarised in 
Table 5.4.Heterogeneous nucleation of HSA is a poorly well studied phenomenon and only one report 
in the literature discusses the crystallisation of HSA on nucleant surfaces of crystalline layered 
silicates [69].  
 
5.4.5 Concanavalin A 
 
Carbohydrate binding proteins known as lectins are highly specific to their binding abilities to sugar. 
Concanavalin A is a lectin, which belongs to the legume lectin family and has specific binding 
capability for α-D-mannopyranosyl and α-D-glucopyranosyl.  Concanavalin A is a plant mitogen, 
also known as Con A and shows specific binding for β-D-fructofuranosyl residues in polysaccharides 
such as mannan and dextran, and mono as well as oligosaccharides bearing the same groups [240, 
241].   The presence of Mn+ and Ca+ in native concanavalin A provides saccharide-binding activity 
[242].  Concanavalin A is one of the first commercially available lectins and widely used for the 
characterisation of glycolproteins and other sugar binding entities on the surfaces of various immune 
cells as well as for purification of glycoprotein in affinity chromatography.  The transformation of 
lymphocytes can be induced by concanavalin A.  Concanavalin A can agglutinate embryonic tissue 
cells and various neoplastic cells [240, 243].    Recently, the application of concanavalin A as an anti-
hepatoma therapeutic agent for the treatment of liver cancer is reported, which opens up novel 
therapeutic avenues of a plant mitogen [244].   
 
Concanavalin A is a homotetramer with a molecular weight of 26.5kDa of each monomer.  Each 
monomer is formed of 235 amino acids.  At pH 5.5, concanavalin A is known to be in dimeric form, 
whereas pH higher than 7.0 it is reported to be in tetrameric form [245]. The radius of gyration of the 
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tetramer concanavalin A molecule is reported to be ∼3.2nm [246].  The hydrodynamic properties and 
diffusion coefficients of concanavalin A in different salt as well as salt concentrations are reported by 
Mikol et al. [247] 
 
Table 5.5 Summary of different polymorphic forms of concanavalin A reported in the literature. 
Concanavalin A 
Crystal Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
orthorhombic I222 NaNO3 as precipitant with Tris-Acetate 
buffer pH 6.5 [248] 
61.95 86.05 89.08 
C2221 Ethanol as precipitant with Tris-HCl 
buffer pH 8.0 [249] 
118.70 101.38 111.97 
triclinic P1 Protein in MnCl2, CaCl2 solution in Tris 
buffer, (NH4)2SO4 as precipitant with 
Tris buffer pH 8.5 [250] 
78.80 79.30 133.30 
 
Concanavalin A was first isolated from jack bean, crystallised and named by the Nobel laureate Prof. 
James B. Sumner in the 1919 (Nobel Prize for Chemistry, 1946 for his work on crystallisation of 
proteins) [243].  While, first crystals of concanavalin A were obtained in 1919, the crystal structure 
was determined 50 years later by Greer et al. as well as Nakamura et al. [251, 252].   The crystal 
structure reported is orthorhombic with a space group I222 or I212121 with unit cell parameters of 
a=87.2 Å, b=89.2 Å and c=62.9 Å [251].  Recently, the crystal structure (C2221 with unit cell 
parameters, a=118.70Å, b=101.38Å and c=111.97Å) of the orthorhombic concanavalin A in dimeric 
form was reported by Kantardjieff et al. [249].   
 
Concanavalin A is used in crystallisation method development studies as a model protein.  The effect 
of different solution conditions (e.g. pH, type of salt, salt concentration, crystallisation temperature) 
on the crystallisation of concanavalin A is reported widely in the literature [247, 253-257].   
 
Furthermore, the effect of nucleant surface properties, (e.g. surface chemistry, roughness, and 
different nucleant on the crystallisation of concanavalin A at lower critical supersaturation and lower 
induction time are reported [28, 29, 69, 103].  Fermani et al. reported the crystallisation of 
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concanavalin A on gelatin-poly-lysine surface at the lowest protein concentration [28, 29]. Foroughi 
et al. recently reported selective crystallisation of orthorhombic polymorph with C2221 space group 
using non-polar aromatic polymer surfaces as the nucleant.   The crystal structures of concanavalin A 
bound to the calcium and manganese [249-251, 258], transition metals [259, 260], co-crystallised with 
carbohydrates [261-263] and demetallised form are reported in the literature [264, 265].  Three 
different polymorphic forms of concanavalin A are reported in the native form the details of which are 
provided in Table 5.5. 
 
5.4.6 Catalase 
 
Known as the enzyme that catalyses hydrogen peroxide, Prof. Oscar Loew described that “no plant or 
animal exist without that particular enzyme” and named the enzyme catalase due to its ability to 
oxidise hydrogen peroxide.  Hydrogen peroxide is formed as the by-product in energetic oxidations 
and considered to be poisonous for the protoplasm [266].  Catalase exists in all aerobic organisms and 
its catalytic activity for the reaction 2! → ! +  differentiates catalase from other 
peroxidases.  Catalase can also oxidise a variety of compounds in the presence of ! and  is 
reported to be responsible for the oxidation of ethanol in the liver in the presence of ! [267].  
Recently, catalase deficiency has been reported to be a risk factor for type 2 diabetes.  According to 
László Góth, the low concentration of hydrogen peroxide functions as a cellular messenger in insulin.  
The low concentration of hydrogen peroxide is maintained by the erythrocyte catalase.  Due to a 
malfunction of catalase, the concentrations of hydrogen peroxide increases causing adverse effects on 
the function of insulin.  This can lead to an increased risk of type 2 diabetes [268].  In a recent 
finding, a more interestingly malfunction of catalase is also considered responsible for grey hair 
formation, details of which are reported elsewhere [269]. 
 
Catalase is a tetramer hemeprotein which contain high spin Fe (III) protoporphyrin-IX in each 
monomer.  Each subunit of the catalase is reported to contain 506 amino acids.   Small angle X-ray 
scattering studies as well as scanning tunnelling microscopy of catalase revealed the oval shape of the 
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molecule.  The dimensions of the protein were estimated to be (L× B×H) 9.0×6.0×2.0nm3 [270, 271].  
pI of the catalase is reported to be 5.6 [272]. 
 
Table 5.6 Summary of different polymorphic forms of catalase reported in the literature. 
Catalase 
Crystal Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
orthorhombic P212121 PEG 4000 as precipitant in sodium 
phosphate buffer pH 6.8 [103, 267, 272] 
89.00 140.00 231.00 
P212121 PEG 4000 as precipitant in sodium 
phosphate buffer pH 6.8.  cross linked 
polymer was used as heterogeneous 
nucleant [103]. 
68.70 173.70 186.30 
trigonal P3221 Protein in NaCl solution in Tris buffer, 
precipitant sodium citrate in Tris buffer 
pH 8.8[273] 
142.00 142.00 103.70 
 
Crystallisation of catalase was first reported by Sumner in 1937 with a reproducible crystallisation 
method.  The first high resolution crystal structure of catalase was reported by Rossmann et al.  The 
crystal structure was described as trigonal with a space group of P3121 or P3221 and unit cell 
parameters of a= b=178.0Å and c=241.0Å [274].  A high resolution crystal structure of catalase was 
solved by Murthy et al. reporting trigonal crystal form having space group P3221 with unit cell 
parameters a= b=142.0Å and c=103.7Å [267].   Soon after the first report of its crystallisation, two 
different crystal forms of catalase were reported in the literature.  Recently, Foroughi et al. has 
reported the new crystal form of catalase emplouing polymeric heterogeneous nucleant surfaces [103].  
Table 5.6 describes different crystals forms of catalase reported in the literature.  Nucleation and 
growth behaviour of catalase was measured using atomic force microscopy and growth rate as a 
function of supersaturation was reported in the literate [206, 207, 275].    Catalase was also used to 
understand the effect of nucleant surface properties on heterogeneous nucleation experiments [23, 25-
27, 69, 103]. 
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5.4.7 Ferritin 
 
Ferritin is an iron storing globular protein which plays a key role in the iron metabolism.  Ferritin is 
reported to store iron in a non-toxic soluble form, and transport the same in areas required for use (e.g. 
oxygen transfer, electron transfer, nitrogen fixation and DNA synthesis) [276].  Controlled release of 
the stored iron is also a function of this protein [277].   One of the functions of ferritin in human 
bodies is recycling the iron from old blood cells.  Each day, 0.54mM iron generated from old red 
blood cells.  Approximately 90% of iron generated is converted to ferritin and low molecular weight 
forms which the iron is released slowly to apotransferrin.  Iron on apotransferrin is delivered to 
immature red blood cells.  Recycling of iron in non-toxic without presence of ferritin would require 
1013 litre water each day to prevent precipitation of hydrous ferric oxide [276].    
 
Ferritin in the native form consists of 24 subunits, which are arranged in 432 different symmetries 
[278].  A spherical hollow shell with inside and outside diameter ∼7.5nm and ∼13.0nm respectively, 
forms as a result of arrangement  of subunits which can be permeated by eight hydrophilic and six 
hydrophobic channels of diameter 0.3 - 0.5nm [279].  Such hollow cage protein shell is known as 
apoferritin, which surrounds hydrated iron oxide [Fe(III)O.OH] cores.  In one ferritin molecule, up to 
4500 iron atoms can be accommodated [278, 279].   
 
Laufberger isolated and crystallised ferritin for the first time from horse spleen and reported that the 
protein contained ∼20% (w/w) iron.  Laufberger reported the method of crystallisation using CdSO4.  
Fankuchen reported the X-ray diffraction data for crystalline horse spleen ferritin as well as 
apoferritin for the first time using powder X-ray diffraction method as the crystals obtained using 
method reported by Garnick were too small.  The crystal structure reported was cubic with unit cell 
parameters of a= b=c=186.0Å.  No apparent difference in unit cell and crystal structure was observed 
for ferritin and apoferritin [280].  High resolution crystal structure confirming cubic crystal form with 
the space group F432 and unit cell parameters of a= b=c=184.0Å [281].   
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In the last three decades ferritin and apoferritin have been studied widely for crystallisation method 
development.  Malkin et al. reported nucleation and growth kinetics of ferritin crystals using dynamic 
light scattering [282].  S.T. Yau and P.G. Vekilov reported the nucleus formation process of 
apoferritin using atomic force microscopy and provided experimental evidence of the effect of 
supersaturation on critical cluster formation [57, 58].    Crystallisation of ferritin from various natural 
sources (e.g. horse spleen, mycobacterium tuberculosis, human spleen, limpet and bacterial cells 
(pseudomonas aeruginosa and listeria innocua)) are discussed in the literature [279, 281, 283, 284].   
 
Furthermore, the crystal structures of different subunit types of ferritin from different recombinant 
and natural sources have been reported in the literature [285].  Two different polymorphs of ferritin 
have been reported in the literature namely orthorhombic and cubic, details of which are provided in 
Table 5.7. 
 
Table 5.7 Summary of different polymorphic forms of ferritin reported in the literature. 
Ferritin 
Crystal Forms 
Space 
Group 
Method of Crystallisation Unit Cell Parameters 
(Å) 
a b c 
cubic F432 Cadmium sulphate as precipitant in 
unbuffered protein solution [286] 
184.00 184.00 184.00 
orthorhombic P21212/ 
P21221/ 
P22121 
Cadmium sulphate as precipitant in 
acetate buffer at pH 5.0 [286] 
130.00 130.00 184.00 
tetragonal P4212 Protein solution in sodium dithionate at 
pH 4.8 with sodium acetate buffer at pH 
4.8 [287] 
147.00 147.00 154.40 
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5.4.8 Experimental Methods 
 
5.4.8.1 Materials 
 
All protein systems used in this study (Lysozyme (L6876, lyophilised powder, ≥90%, Sigma Aldrich, 
Dorset, UK), thaumatin (T7638, lyophilised powder (mixture of Thaumatin I and Thaumatin II), 
Sigma Aldrich, Dorset, UK), trypsin (T4799, lyophilised powder, Sigma Aldrich, Dorset, UK), 
Human serum albumin (A1653, lyophilised powder, ≥96%, Sigma Aldrich, Dorset, UK),  
concanavalin A (C5275, Type IV, lyophilised powder, Sigma Aldrich, Dorset, UK),  catalase (C9322, 
lyophilised powder, Sigma Aldrich, Dorset, UK) and ferritin (F7879, sterile solution, (10mg/mL in 
0.15M NaCl solution), Sigma Aldrich, Dorset, UK) were purchased and used without further 
purification.  Analytical grade de-ionised water was used for preparation of buffer and salt solutions.  
Sodium acetate (Sigma Aldrich, Dorset, UK), Sodium chloride (≥99%, Sigma Aldrich, Dorset, UK), 
1,4-piperazinediethanesulfonic acid (PIPES) (≥99%, Sigma Aldrich, Dorset, UK), potassium sodium 
tartrate tetrahydrate (≥99%, Sigma Aldrich, Dorset, UK), 2-amino-2-hydroxymethyl-propane-1,3-diol 
(TRIS) (≥98%, VWR BDH Prolabo, Lutterworth, UK), ammonium sulphate (≥99%, Sigma Aldrich, 
Dorset, UK), potassium phosphate monobasic (≥99%, Sigma Aldrich, Dorset, UK),  poly ethylene 
glycol-4000 (PEG) (M.W. 4000) (VWR BDH Prolabo, Lutterworth, UK), calcium chloride (≥96%, 
Sigma Aldrich, Dorset, UK), manganese(II) chloride (≥98%, Sigma Aldrich, Dorset, UK), 2-methyl-
1,3-propanediol (≥99%, Sigma Aldrich, Dorset, UK), cadmium sulphate (≥99%, Sigma Aldrich, 
Dorset, UK), acetic acid (≥99%, Sigma Aldrich, Dorset, UK), hydrochloric acid (37%, Sigma Aldrich, 
Dorset, UK), sodium hydroxide (≥99%, VWR BDH Prolabo, Lutterworth, UK) and acetone (≥99%, 
VWR BDH Prolabo, Lutterworth, UK) were used as received.   
 
Sterilised 24, 48 and 96 well tissue culture plates, 19mm glass coverslips and high vacuum grease 
were purchase from VWR, Lutterworth, UK. 
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5.4.8.2 Methods for Crystallisation 
 
 
Figure 5.3 Schematics of method for setting up experiments in typical hanging drop vapour 
diffusion method. 
 
Vapour diffusion micro-crystallisation methods are widely used for the crystallisation of biological 
macromolecules. They offer the benefits of easy handling, easy access to the crystallisation droplet 
and cost effectiveness.  A hanging drop vapour diffusion method was used for the crystallisation of 
proteins [7].  VWR 24 well tissue culture plates were used for the crystallisation experiments.  Here, 
3D nanotemplates were attached to VWR 19mm round glass cover slips, which were cleaned 
following a protocol reported elsewhere [7].  High vacuum grease was applied along the top edge of 
the reservoir of the plate.  Then, the reservoir well was filled with 750µL of precipitant solution.  The 
droplet of 2.5µL volumes of protein solution was deposited on the nucleant surface and the precipitant 
VDX 24 plate 
Crystallisation Plate well 
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solution of equal volume was added to the droplet.  Edges of cover slips were carefully inverted and 
placed on top of the reservoir, pressed gently to relieve pressure and twisted carefully to ensure proper 
seal.  The crystallisation set up was then carefully placed in a temperature controlled incubator 
(Surface Measurement Systems, London, UK) and the crystallisation plates were monitored using 
reflective light microscope (Olympus Microscopy, Southend-on-Sea, UK).  A schematic 
representation of  the droplet preparation and the process of vapour diffusion is depicted in Figure 
5.8.  The details of the crystallisation conditions used are listed in Table 5.8. 
 
Table 5.8 Conditions under which the proteins are crystallised in the presence of 3D templates. 
 
Protein Buffer Solution 
(Solvent water) 
Precipitant Solution 
(Solvent Buffer Solution) 
Final Protein 
Concentration 
(mg/mL) 
Lysozyme 0.02M Acetate buffer, 
pH 4.8  
 
0.5M NaCl 15.0 
Thaumatin  0.05M PIPES  
pH 6.8 
0.34M  
Na- K Tartrate 
11.5 
Trypsin  
 
0.1M Tris  
pH 8.4 
30-32%  (w/v) (NH4)2SO4  12.0 
Human Serum 
Albumin  
0.05M Mono-potassium 
Phosphate pH 5.15 
5% (w/v) PEG 4K 75.0 
Concanavalin A 
 
0.01M Tris pH 8.5;  
0.02M CaCl2;  
0.02M MnCl2  
1M (NH4)2SO4 in 0.02M Tris 
pH 8.0  
17.5 
Catalase 
 
0.1M Tris pH 8.4  5% (w/v) PEG 4K;  
5% (v/v) 2-Methyl-1,3 
Propanediol (MPD)  
11.5 
Ferritin 0.2M Acetate buffer, 
pH 5.0  
 
1.6% CdSO4  
 
2.8 
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5.5 Conclusion 
 
A detailed account of the 3D nanotemplates preparation methods as well as protein crystallisation on 
the surfaces of 3D nanotemplates and materials used in the current study is provided.  A selection 
rationale of the characterisation methods employed to understand the physicochemical properties of 
3D nanotemplates is detailed.  Considering the extensive published literature available on different 
characterisation techniques, the characterisation methods used are briefly described limited to the 
perspective of the current study.  An overview of the protein systems under investigation in this study 
is provided with details of different polymorphic structures reported in the literature and different 
methods used for crystallisation of the same. 
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6.0   Synthesis and Characterisation of 3D Nanotemplates 
 
6.1 Introduction 
 
A wide variety of surfaces has been reported in the literature to examine their effect on crystallisation 
of proteins. However, none of these studies reported the preparation/ thorough characterisation of 
surfaces with an ability to tune and alter the nucleant surface properties according to the requirement.   
 
This chapter reports co-operative self assembly of surfactant and silica based approach adopted for 
tuning the surface porosity in the pore diameter range of 3-22nm and narrow pore size distribution.  
Surfaces prepared in this study will be used as nucleant surfaces.   Effects of different process 
parameters, i.e. catalyst concentration, processing temperature, sacrificial template type and molecular 
weight, aging  and template removal methods, on controlling pore size and pore arrangement is 
discussed.  Post-synthesis functionalisation of porous surfaces with different primary functional end 
groups is also detailed here.  Surfaces prepared were characterised using N2 sorption, TEM for 
measurement of pore size and pore arrangement.  Contact angle and XPS results for characterisation 
of surface functional end groups and surface wettability are also discussed in this chapter.   
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6.2 Background 
 
Crystalline micro-porous materials, (e.g. zeolites) are most widely used in catalytic applications in the 
area of refining, petrochemicals, photochemistry and organic synthesis due to their high surface area, 
tuned pore architecture and specific binding capabilities [118]. Moreover, the ability to tailor the 
material as per requirement (e.g. number of binding sites, acidic/ basic nature of the material, shape 
selectivity of the molecules etc.) makes it an attractive choice for a variety of reaction applications, 
where the molecule size is limited to 15 -20Å [117, 123].  To overcome this limitation it was essential 
to prepare a material with similar features but with higher pore diameters [117].  Cooperative 
assembly between organic surfactants and inorganic precursors have been reported in the early 1990s 
as a solution, where organic surfactants are used as a sacrificial template and removed to obtain 
mesoporous structure.   The knowledge of surfactant self assembly was utilised to rationally design 
mesoporous surfaces ranging in pore diameter 1.5 – 10nm.  Library of surfactants, i.e. cationic, 
anionic and non-ionic, reaction temperature, hydrothermal aging, additives, i.e. organic solvents and 
inorganic salts were also used for increasing the pore diameter in the range of 5-30nm, while 
maintaining the ordered pore structure [117, 123, 124].   
 
The synthesis phase diagrams as a function of molar ratios of silica precursors, surfactants and 
organic solvents used in the synthesis process for tuning the pore architecture were published by 
Firouzi et al [137].  The mesoporous materials have also been reported to be synthesised in the forms 
of monoliths, thin films and particles as per the requirements of the applications [122, 123, 288, 289].  
To establish mesoporous materials in the area of adsorption and ion exchange, environmental waste 
management, catalysis and sensing, it is essential to be able to tailor the specific attributes required,  
e.g. specific binding sites, stereochemical configuration, charge density [290].  Formation of organic 
monolayers with specific functional end groups (e.g. thiols, amine, phenyl, fluoro) have been reported 
in the literature for improving adsorption properties of mesoporous materials [153, 291, 292].  Surface 
functionalised mesoporous materials are finding applications in various conventional chemical 
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engineering areas (e.g. separation, catalysis, adsorption and ion exchange) as well as new research 
areas (e.g. biosensors, cell adhesions and drug release) [117, 293]. 
 
On the basis of the current breadth and depth of literature, mesoporous materials with target 
functional end groups can be designed with tuned pore diameters in the range of 2-12nm.  However, 
the methods for preparation of surfaces with pore diameters in the range of 12 – 30nm are reported, it 
is considered challenging and very limited publications have reported the synthesis of surfaces with 
pore diameters higher than 10nm [141, 157].  Furthermore, to the best of our knowledge no studies 
reporting functionalised mesoporous surfaces with pore diameter higher than 12nm can be found in 
the existing literature.   
 
This chapter seeks to develop mesoporous silica surfaces with pore diameter in the range of 3 – 22nm 
with narrow pore size distribution using the cooperative self assembly of silica and surfactants.  To 
tailor the pore sizes as per the experimental requirement, pore forming catalyst concentration, 
different aging, sacrificial template removal methods and effect of different organic solvents as 
micelle swelling agent are used.   Furthermore, post synthesis surface modification of the mesoporous 
surfaces with different organic functional end groups are detailed in this chapter. 
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6.3 Results and Discussion 
 
6.3.1 Effect of Catalyst Concentration 
 
The mesoporous silica monoliths were prepared following the method detailed in Chapter 5 of the 
thesis.  In order to tune the porosity in the range of pore diameter 3-4nm, the molar ratio of the sol-gel 
reaction silica precursor and the pore forming catalyst (nitric acid) were selected as variable.  The 
reaction, was carried out at room temperature.  The molar ratio of the silica precursor to  nitric acid 
was varied in the range of 0.03 to 1.2.   
 
The stabilised sol-gel samples obtained (without application of the sacrificial templates) were 
transparent and observed to shrink significantly during aging, drying and sintering conditions.  In a 
typical case, it was observed that the diameter of the monolith obtained after sintering was ∼50% of 
the diameter of the mould which was used to cast the sol.  The monoliths prepared were characterised 
using the N2 sorption methods for studying the effect of increasing catalyst concentration on pore 
diameter of the surfaces prepared.  The textural parameters obtained analysing the N2 sorption data 
obtained using BET and BJH models for specific surface are and pore size distribution are detailed in 
Table 6.1.  It can be observed from the Table 6.1 that increase in concentration of catalyst from 
0.03M to 0.3M does not show any noticeable difference in the specific surface area and BJH average 
pore diameter.  However, increasing the nitric acid concentration from 0.3M to 1.2M resulted in pore 
diameters which are twice the pore diameter obtained with a nitric acid concentration 0.3M.  An 
increase in pore volume and a decrease in specific surface area also corroborate the findings.     
 
Figure 6.1 shows the N2 adsorption isotherms of the samples synthesised with 0.03 and 1.2 molar 
ratio for catalyst and silica precursor.  The isotherm is a representation of the volume of nitrogen 
adsorbed and desorbed as a function of relative pressure.  At low pressure, the isotherm is linear, 
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which represents the monolayer formation of N2 on surface.  A rise in the relative pressure leads to the 
formation of multilayer, until the pores are completely filled, which is suggested by the plateau. 
 
Table 6.1 Textural parameters and composition of mesoporous glass monoliths prepared. 
Sample Molar Ratio 
TEOS:H2O:HNO3 
Surface area 
(m2 g−1) 
Total pore 
volume 
(cm3 g−1) 
Average pore 
diameter  
(nm) 
1:12:0.03 827.3 0.221 1.93 
1:12:0.3 803.2 0.414 2.19 
1:12:1.2 427.4 0.562 3.89 
 
Isotherms obtained with the sample prepared with catalyst concentration 0.03 to 0.3M catalyst 
concentrations are concave to the relative pressure axis and show reversible behaviour for adsorption 
and desorption branches. This matches the description of type I isotherms in the classification of six 
typical type of isotherms reported by IUPAC [163].   Type-I isotherm represents a microporous 
surface with relatively limited external surfaces area (e.g. activated carbon, molecular sieves, and 
porous silica) [158].    
 
Samples prepared with a catalyst concentration of 1.2M resulted in the isotherm shown in Figure 6.1 
(Sample-2).    The desorption branch of the isotherm is not reversible and shows a hysteresis loop. 
This is associated with capillary condensation taking place in the pores.  The hysteresis loops are a 
characteristic feature of mesoporous materials and the isotherm obtained here can be correlated to the 
Type-IV isotherm type according to the classification by IUPAC.  An initial shoulder observed in the 
isotherm can be related to the monolayer-multilayer adsorption.  The shape of the hysteresis loop 
obtained as a result of the capillary condensation within the mesopore is also classified in the 
literature and careful analysis of the shape of hysteresis loop along with the isotherm type will give 
valuable information regarding pore shape and pore structure.  The hysteresis loop observed in the 
samples prepared with catalyst concentration of 1.2M has the adsorption and desorption branches 
parallel to each other.  They  are parallel to the relative pressure axis over wide range of P/Po, which is 
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representative of Type-H4 hysteresis.  A type-H4 hysteresis observed with Type-IV isotherm is 
associated with narrow slit shape pores [163]. 
 
The pore size distributions were evaluated by the BJH method.  The calculation of the pore size 
distribution using the BJH model is detailed in Chapter 5 of the thesis.  The pore size distribution 
suggests that the pore size was not noticeably increased as the concentration of catalyst was increased 
from 0.03 to 0.3 molar but it increases by a two-fold  as the same was increased from 0.3 to 1.2, 
which can be observed from Figure 6.2 as well as Table 6.1.   
 
 
Figure 6.1  N2 adsorption isotherm of mesoporous glasses with different silica precursor to 
catalyst molar ratio. 
 
As the acid concentration increases, the isotherm changes from type I to type II suggest that the 
samples prepared with low concentration (typically below molar ratio 0.3) are microporous whereas 
the same synthesised with higher acid concentration are mesoporous.  This phenomenon can be 
attributed to the pore formation mechanism.  The pore formation is result of the condensation/ 
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gelation reaction, which creates cross-linked colloidal particles (gel) and aqueous by product.  During 
drying, removal of the aqueous phase by products forms pores.   
 
 
Figure 6.2  Pore size distribution of monoliths produced with different silica precursor to 
catalyst molar ratio. 
 
Both the hydrolysis and condensation reactions are catalysed by the acid.  The condensation time 
required is related to the surface charge of the colloidal silica; hence, near the isoelectric point (pH≈1–
2) the condensation rate is quite low. In such conditions, the hydrolysis rate is rapid compared to the 
condensation rate, which is expected to favour the formation of compact particulate structures without 
defects. In the present case, the pH values of the reaction mixture were in the range of 0.03M to 0.3M 
was measured to be in the range of 1.6 to 0.8.  This pH range resulted in surfaces with microporous 
structure.   At pH levels lower than the isoelectric point, the condensation reaction is catalysed by the 
acid, which ultimately results in less closely packed silica and ultimately higher pore volume and pore 
size [294].  In the present case, increasing the concentration of catalyst from 0.3-1.2M, the pH of the 
reaction media is lowered (∼0.02). This leads to an increased rate of the condensation reaction.  
Hence, more aqueous by product and ultimately high pore volume and pore size. 
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In addition to the silica precursor catalyst concentration, the molar ratio of the hydrolysis reactant 
water to silica precursor was also altered from 4-155 to obtain surfaces with higher pore diameter.  
Increasing the ratio of water to silica precursor at constant catalyst concentration resulted in an 
increasing rate of the hydrolysis reaction. However, no noticeable effect on the pore diameter can be 
observed.  Furthermore, the gelation time with increasing water concentration was increased.  The 
method of gelation was also altered to verify its influence on increasing pore diameter.  To increase 
the rate of condensation, gelation was carried out at higher temperatures but no increase in pore 
diameter was observed.  
 
The surface pore diameter can be tuned with narrow pore size distributions by varying concentration 
of catalyst, further increase in catalyst concentration or altering other process parameter fail to 
increase pore diameter larger than ∼4nm [118, 294]. 
 
6.3.2 Effect of Sacrificial Templates 
 
The objective of the current study is to prepare porous surfaces with narrow pore size distribution for 
the application of selective crystallisation of proteins.  Considering the size of proteins selected in this 
study, it is essential to prepare surface which have pore diameters in the range of 3 – 22nm.  It is 
evident from the existing literature the preparation of surfaces with pore diameter higher than 5nm is 
only reported utilising the sacrificial organic template-based approaches [118, 133].  To prepare the 
surfaces with pore diameter higher than 4nm and a structured pore arrangement, a sacrificial template 
based approach was adopted in the following. 
 
A library of different surfactants was used as sacrificial templates for tuning the pore diameters.  It is 
also documented out of all different types of surfactants used, only tri block copolymer (poly ethylene 
oxide-poly propylene oxide-poly ethylene oxide) (PEO-PPO-PEO) surfactants  resulted in surfaces 
with pore diameters larger than 10nm [123, 124, 133].  For systematically understanding the effect of 
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nucleant porosity, it is essential to prepare surfaces with different pore diameters ranging from 3nm to 
22nm. Furthermore, the ability to tune pore diameter (as per requirement of the target protein) is key 
to examine the hypothesis and further success of the method.  After considering a range of pore 
diameters obtained with the same family of surfactants, poly (alklyene oxide) tri block copolymers,  
surfactants with different molecular weight and block ratio were selected. 
 
Table 6.2 Textural parameters of mesoporous glass monoliths prepared using different Poly (alkylene 
oxide) tri-block copolymers as sacrificial template. 
 
Type of Surfactant used Surface area 
(m2 g−1) 
Total pore 
volume 
(cm3 g−1) 
Average pore 
diameter  
(nm) 
Pluronic P123 756.1 0.634 5.89 
Pluronic F127 547.2 0.814 10.21 
 
 
Table 6.2 represents the textural parameters of the monolith prepared with two different tri block 
copolymer with different ratios of hydrophobic-hydrophilic moieties.  The N2 sorption isotherms 
obtained on the surfaces prepared are shown in Figure 6.3.  The isotherms are a typical representation 
of the Type-IV isotherm, which is a representative of mesoporous solids.  Three well distinguished 
regions of the adsorption isotherm are evident, which are (i) monolayer-multilayer adsorption, (ii) 
capillary condensation and (iii) multilayer adsorption on the outer solid surface. The hysteresis 
observed here is a type H2 hysteresis loop. The capillary condensation step at high relative pressure is 
responsible for this.  These characteristics are indicative of large mesopores with ink-bottle or cage-
like shapes [158, 295, 296]. 
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Figure 6.3 N2 adsorption isotherm of mesoporous glasses with different sacrificial templates. 
 
It is evident from the pore size distribution shown in Figure 6.4, the pore diameter of the surfaces 
prepared with two different tri block copolymer templates is increased and the pore size distribution 
obtained is narrow.  Furthermore, the ordered mesostructures can be attributed to the preformation of 
micelles.  Micelle formation from a dilute solution is a well understood process and cooperative self 
assembly of composite micelle leads to ordered mesostructures.  The details of the process of micelle 
formation and effects of various process parameter, (e.g. temperature, pH and surfactant 
concentration) are detailed in Chapter 4 of the thesis [123, 133, 144, 297].   
 
To complement the pore diameter obtained using the N2 sorption method, transmission electron 
micrographs were obtained using the method reported in the Chapter 5 of the thesis.  The TEM 
confirms that the surfaces prepared using two different sacrificial templates (Pluronic P123 and 
Pluronic F127) are mesoporous with regular 3D arrays of pores in a one dimensional channel.   The 
pore diameter obtained in this study using Pluronic P123 can be correlated to the micelle diameter of 
P123 formed within the acidic solutions used in the current study.  The micelle diameter of P123 in 
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the acidic solution with solution pHs lower than the isoelectric point of silica (pH<1), is reported to be 
20nm at critical micelle concentration. However, the micelle includes the hydrophobic head formed of 
propylene oxide (PO) and hydrophilic tail formed of ethylene oxide (EO) moiety at room temperature.  
The core of the micelle is formed by the PO hydrophobic core and the pore diameter can be correlated 
to the hydrophobic core diameter, which is reported to be 7nm in case of Pluronic P123.  The pore 
diameter obtained with Pluronic F127 is in the range of 10-12nm and the same can be attributed to the 
hydrophobic core  diameter of micelle reported for Pluronic F127 in acidic conditions, which is 15nm. 
 
The pore structure is found to be dependent on the type of the tri-block copolymer sacrificial 
templates used.  For tri-block architectures used here, the ratio of ethylene oxide to propylene oxide 
(EO: PO) affects the morphology of the pores formed.  This can be observed from the TEM 
micrograph shown in Figure 6.5.  At lower EO:PO ratio (∼0.3) and in the absence of any additives 
(e.g. co-solvents, swelling agents, stabilising agents), the pores are arranged in hexagonal morphology 
(Pluronic P123).  In contrast, at higher EO:PO ratio (∼1.5)  the pores are arranged in a cubic structure 
(Pluronic F127).  The current finding is in good agreement with the literature reports which suggest 
that EO: PO ratio higher than 1.5 results in cubic pore arrangement whereas EO:PO ratio lower than 
0.7 results in the hexagonal arrangement of pores [123]. 
 
For optimisation purposes, the synthesis process was carried out using different concentration of the 
sacrificial templates, and at different reaction temperatures.  It can be observed from the results of the 
N2 adsorption BJH analysis and TEM imaging that using concentrations of block co-polymer higher 
than 8% (w/v) did not result in the formation of micelles.   Hence, fail to tune porosity whereas the 
same below 0.7 % (w/v) did not form ordered structures. 
 
As far as the temperatures are concerned, the samples can be prepared at room temperature and up to 
temperatures as high as 80oC, which agrees with the previous reports[123]. 
 Figure 6.4  Pore size distribution of monoliths produced with different sacrificial templates
 
 
Figure 6.5(a)  TEM of the sample prepared with 
Pluronic P123 as template (Scale: 20nm)
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. 
Figure 6.5(b)  TEM of the sample prepared with 
Pluronic F127 as template (Scale: 20nm)
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6.3.2.1 Effect of Template Removal Method on the Pore Diameter 
 
Characterisation of surfaces prepared with the sacrificial templates revealed that surfaces exhibit a 3D 
array of pores.  They are cage-type pores with inkbottle shaped pores considering the behaviour 
shown by the Type-IV isotherm with hysteresis loop Type-H2.  To further enhance the pore structure 
and obtain cylindrical pores, alternate methods for the template removal were explored.  Conventional 
calcinations method for the removal of organic material exposes the surfaces to higher temperatures 
which not only decomposes and removes organic material in the single step, but also increases the 
poly-condensation.  This then results in the shrinkage of the pore openings. The single step removal 
method also removes all organic material via thermal decomposition leaving behind microporosity 
due to removal of hydrophilic tails embedded in the silica along with the hydrophobic heads, which 
prepares surfaces with bi-modal pore size distribution. Furthermore, for the purpose of 
functionalisation of surfaces it is essential to have hydroxyl groups on the surfaces of the mesoporous 
silica surface.  Calcination results in the excessive silanol condensation leaving behind very few 
hydroxyl groups required for obtaining an uniform functional coverage of organic monolayers.   
 
Various methods are suggested in the literature (e.g. microwave digestion, solvent extraction and 
supercritical fluid extraction), however these methods results in cylindrical pores with different 
opening size as the body of the pore, but fail to completely remove organic templates completely and 
also results in bimodal pore size distribution [129, 148, 298, 299]. 
 
The alternative method used for the removal of the sacrificial templates in this study is on the basis of 
ether cleavage by strong acids which is reported  by Kleitz et al.[129].   Comparison of physical 
parameters obtained from the samples prepared via acid treatment and conventional calcinations 
method are reported in Table 6.3, whereas a comparison of the N2 sorption isotherms obtained is 
shown in Figure 6.6.  
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Table 6.3 Textural parameters of mesoporous glass with different template removal method. 
Surfactant and  
Method used 
Surface area 
(m2 g−1) 
Total pore 
volume 
(cm3 g−1) 
Pore diameter 
(Peak Max.) 
(nm) 
Pluronic F127 
(Calcination) 
632.8 0.639 1.92 and 9.35 
Pluronic F127  
(Acid Treatment) 
516.4 0.892 11.18 
 
In contrast to the calcinated samples, adsorption isotherms for the acid-treated materials have H1-like 
hysteresis loops.  The H1- type hysteresis is attributed to uniform mesopores with cylindrical 
geometry [158, 296].  Increases in pore volume, lower surface area and slightly higher mean pore 
diameters are observed for material treated with acid treatment from Table 6.3.  Furthermore, the pore 
diameter calculated from the adsorption and desorption branch of the isotherm is in good agreement.   
 
 
Figure 6.6  N2 sorption isotherms obtained with different method of template removal. 
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Figure 6.7 Pore size distribution of surfaces prepared using calcination as method of template 
removal.  
 
Figure 6.7 shows the comparison of the pore size distribution obtained as a result of calcination as a 
method of template removal.  Two different peaks can be seen from using the samples treated with 
calcinations, whereas samples treated with acid treatment exhibit larger pores with one main 
maximum peak for the pore size distribution.   The calcinations process completely removes both the 
head and tails of the templates, whereas the acid treatment only selectively removes the poly 
(propylene oxide) heads leaving behind the poly (ethylene oxide) tails [148].  However, the 
mechanism of the selective removal of the poly (propylene oxide) over poly (ethylene oxide) on the 
basis of the kinetics of the cleavage reaction is unexplained considering that the rate of the cleavage 
reaction should be same for both the ethers in reaction conditions. It is argued that due to its 
hydrophilic nature poly(ethylene) oxide is embodied in the silica layer surrounding the hydrophobic 
core of the micelle and not accessible by the acid reactants which limits its reaction with the acids and 
resulting in unimodal pore size distribution [129, 300]. The mechanism discussed here is depicted in 
Figure 6.8. 
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Figure 6.8  Step wise generation of mesopores and micropores (a) Removal of template by acid 
treatment at 100 – 130oC (b)  Removal of hydrophilic tail, which generated micropores and 
hydrophobic head due to calcination [148]. 
 
6.3.2.2 Effect of Swelling Agent 
 
To enlarge the pore diameter of the mesoporous silica material more than 12 nm, swelling agents are 
applied.  Two commonly used swelling agents (1-3-5-Tri Methyl Benzene (TMB) and xylene) were 
used in the present study.  The physical parameters obtained from the materials synthesised are 
reported in Table 6.4.  The N2 sorption BJH method was applied to measure pore size distribution; 
TEM imaging was also applied to understand the influence of the swelling agents on the pore size and 
uniformity of the structure.  The comparison of the pore size distribution of the samples prepared with 
TMB and xylene and samples prepared without using swelling agents is shown in Figure 6.9.  The 
TEM micrograms of samples are shown in Figure 6.10. It is suggest that highly ordered pore 
structures were obtained for both swelling agents. 
 
Table 6.4 Textural parameters of mesoporous glass prepared with different swelling agents, using 
acid treatment method as template removal. 
Surfactant and  
Swelling Agent used 
Surface area 
(m2 g−1) 
Total pore 
volume 
(cm3 g−1) 
Average pore 
diameter  
(nm) 
Pluronic F127  
(TMB) 
496.6 0.896 13.92 
Pluronic F127  
(Xylene) 
299.3 1.063 20.07 
 
Application of TMB as a swelling agent in the synthesis of mesoporous silica is well understood.   
The swelling agents appear to solubilise in the surfactant micelle to a small or moderate extent and 
result in an expansion of the micelle as high as 300% [141].  If solubilisation is strong, it affects the 
(a) (b) 
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structure of the micelle arrangement and ultimately leads to disordered mesopores.  The solubilisation 
behaviour of different possible swelling agent candidates with Pluronic group surfactants can be 
referred from the literature.     
 
 
Figure 6.9  Comparison of pore size distribution obtained with different swelling agents. 
 
Although the material synthesised in presence of TMB as the swelling agent is well ordered and the 
pore diameter is in the range of 13 -15nm, the findings by Kruk et al. suggest that the uptake of TMB 
by Pluronic F127 micelles is limited [157].  The selection of the solubilising agent, which has higher 
extent of solubilisation in Pluronics than TMB, would allow obtaining larger pore diameters while 
maintaining the structure.   Literature suggests that a decrease in number and size of the alkyl 
substitutes on the benzene ring leads to an increased solubilisation of the same in the Pluronics [301].  
Considering this, xylene was identified and evaluated as the swelling agent in order to increase the 
pore size. 
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Figure 6.10(a)  TEM of the sample prepared with 
Pluronic F127 as template and TMB as swelling 
agent (Scale: 50nm). 
Figure 6.10(b)  TEM of the sample prepared 
with Pluronic F127 as template and xylene as 
swelling agent (Scale: 50nm). 
 
The results obtained with xylene as the swelling agent suggested, the micelle expansion caused by 
xylene in the Pluronic F127 type micelle is 40% more than the same obtained with TMB without 
compromising the ordered mesoporous structure. However, xylene resulted in obtaining higher pore 
diameter using Pluronic P123 as a sacrificial template; the pores were observed to be disordered. 
Hence, uncontrolled solubilisation in the Pluronic P123 micelles for xylene was concluded.  The 
Pluronic P123 (EO20PO70EO20) surfactant has propylene oxide which is hydrophobic in nature 
compared to ethylene oxide at room temperature, as the dominating domain (approx. 70%) causes 
excessive solubilisation of the xylene and causes disordered structures as shown in Figure 6.11.   
Pluronic F127 as it has hydrophobic domain limited to approximately 30%, and thus the uptake of a 
hydrophobic swelling agent, such as xylene, is more limited and results in the ordered mesostructures 
having larger diameters.  Further increase in the diameter can be obtained by carefully selecting the 
swelling agent and controlling its solubilisation in the micelles [151, 302]. 
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Figure 6.11  TEM of the sample prepared with Pluronic P123 as template and xylene as swelling 
agent, showing poor order of pore arrangement (Scale: 100nm). 
 
6.3.3 Functionalisation of Surfaces 
 
The stoichiometry for the preparation of a monolayer on the surface was calculated based on specific 
area obtained from BET analysis.  The population density of organic molecules for 100% silica 
coverage was determined by Kemner et al. based on solid state NMR and the value of organic 
molecules required per square meter area coverage was suggested to be 5 × 1018 molecules/m2 [153].   
The population density of the functionalised monolayer on mesoporous silica-based materials greatly 
depends on two factors: the amount of hydroxyl functional groups, and the amount of adsorbed water 
molecules on the surface which anchor the organic molecules on the surface during hydrolysis, during 
the calcination step, the nanoporous glasses were completely dehydrated. It is essential to adsorb 
essential amount of water with the surface for the hydrolysis and efficient formation of monolayer.  In 
the current study, the surfaces were functionalised using the method reported by Kemner et. al. and 
mesoporous silica surfaces so functionalised were characterised using water contact angles as a 
qualitative characterisation technique.  To further quantify the presence of surface functional groups 
and its chemical state on the surface, X-ray photoelectron spectroscopy (XPS) is used as a quantitative 
characterisation technique.  Surface charge of the surfaces prepared was also measured using the ξ-
potential measurement, details of which is described in Chapter 8 of this thesis.  The surfaces 
prepared with different pore diameter were functionalised with five different functional groups, 
amine, chloro, phenyl, trifluoro and dodecyl. 
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6.3.3.1 Characterisation of Functionalised Surfaces 
 
The surfaces prepared were characterised using at least two different surface characterisation 
techniques confirming quantitative and qualitative findings.  The results of static water contact angle 
measured at room temperature under ambient conditions on surfaces with pore diameter 5.5±1.5nm 
are summarised in the Table 6.5.   
 
Table 6.5  Water contact angle on the surfaces of 3D nanotemplates having pore diameter 5.5±1.5nm 
functionalised with six different functional end groups and calculated surface energy using Neumann 
equation of state [303, 304]. 
 
3D nanotemplate surfaces  Contact angle measured Surface Energy (γSV) (mJ/m2) 
Hydroxyl group  11.30 ± 2.80 71.4 ± 0.7 
Amine group 33.20 ± 4.10 62.9 ± 2.0 
Chloro group 82.60 ± 3.50 33.9 ± 2.2 
Phenyl group 109.10 ± 4.90 17.6 ± 2.8 
Trifluoro group 118.40 ± 4.60 12.5 ± 2.4 
Dodecyl group 128.60 ± 3.20 7.5 ± 1.2 
 
The hydrophobicity was found to increase in -OH < -NH2 < -Cl < -C6H6 < - CF3 < -CH3 order for 
different functional groups, which is consistent with the order reported in the literature [105, 305].  It 
is evident from the contact angle measurements that the different organo-silanes used have changed 
the surface wettability.   
 
Surface chemistry of the functionalised mesoporous silica material is quantitatively determined using 
XPS high resolution spectra obtained mainly from C1s, O1s and Si2p.   All components were 
referenced according to the CHx component at 285.0eV.  The relative binding energy of all different 
components were fixed and maintained same for all peak fitting procedures.  The full width half 
maximum (FWHM) is reported for each spectrum.   
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Hydroxyl Functionalised 3D nanotemplate Surface 
 
 
 
 
 
 
 
 
 
Figure 6.12 XP Spectra for hydroxyl functionalised 3D nanotemplate surface showing deconvoluted 
(a) Si2p and (b) O1s environments. FWHMs of 2.2eV for Si2p spectra and 1.7eV for O1s spectra 
were employed. 
 
In the survey spectrum of the hydroxyl modified mesoporous silica samples expected Si2p and O1s 
signals were detected.  In addition to Si2p and O1s, a very weak C1s peak was observed.  The 
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presence of very weak carbon peaks in the XPS spectrum can be attributed to the organic 
contamination during storage or preparation of the samples.   
 
Deconvoluted high resolution spectra for Si2p and O1s environments are shown in Figure 6.12 for 
untreated/ hydroxyl functionalised surfaces.   Si2p spectra can be fitted with one peak centred at 
103.3eV, which is the representative peak of the Si-O bond in silica; however using the AlKα source 
in the lab scale XPS equipment it is difficult to identify the binding energy difference associated with 
Si-O functionality in the Si-O-Si network and Si-OH [306, 307].  Furthermore, recently it is also 
established that a Si2p peak position in the range of 103.2 to 103.8eV is representative of the silica 
surfaces under the presence of physisorbed water molecules on the surface (SiO2 + nH2O) [288, 308].  
Henderson reported the interaction of water with solid surfaces, confirming the detection of 
physisorbed water using XPS analysis on silica surface under low vacuum [311].  O1s spectra of 
untreated mesoporous silica can be fitted with two separate peaks centred respectively at 532.2eV and 
534.1eV.  The O1s peak at 532.2eV can be attributed to the O-Si bond in silica, where as peat at 
534.1eV is representative of the presence of physisorbed water on the surface, which is in good 
agreement with the findings from the Si2p spectra [309, 310].  
 
Static water contact angle measured on untreated mesoporous silica surface was found to be low 
(Table 6.5).  Such low contact angle represents hydrophilic behaviour and is in agreement with the 
XPS results suggesting presence of Si-O-Si network.   
 
The unmodified mesoporous glass resulted in a higher contact angle, as compared to the contact angle 
of bare non-porous glass substrate.  This relatively high contact angle can be attributed to geometry of 
the surface and presence of entrapped air which increase the relative hydrophobicity of the surface.  
This concept is further explained by the mechanism of wetting transition on textured hydrophilic 
surfaces proposed by Okumura et al.  According to this mechanism, if the textured surface with high 
pore volume is hydrophilic enough to allow a liquid film of sufficient thickness to penetrate within the 
textured surface it changes the state of droplet from the same predicted by Cassie-Baxter Model (in 
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which air is trapped at the drop bottom) to Wenzel Model (in which liquid fills texture at the drop 
bottom) once droplet is formed [311]. 
 
The surface charges determined for untreated mesoporous silica samples by ξ- potential 
measurements at pH 7 is found to be highly negative.  This also directs towards the presence of 
hydroxyl groups on the surface and complements the hydrophilic surface behaviour suggested by 
contact angle measurements as well as the presence of the hydroxyl group identified by XPS. 
 
Amine Functionalised 3D nanotemplate Surface 
 
 
(3-aminoproply) triethoxysilane (APTES) was used to graft amine group on the mesoporous silica 
surface.  Binding energies corresponding to the carbon (C1s), nitrogen (N1s), oxygen (O1s) and 
silicon (Si2p) were observed in the survey spectrum.  In addition to the expected components, a very 
low amount of fluorine was detected which can be attributed either to the contamination in the 
reagents used for silanisation or the adhesive tape used for sample preparation. 
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Figure 6.13 XP Spectra for 3D nanotemplate surface functionalised with amine functional end group 
showing deconvoluted (a) C1s, (b) Si2p and (c) O1s environments.  FWHMs of 1.7eV for C1s 
spectra, 2.2eV for Si2p and 1.9eV for O1s spectra were employed. 
 
 
High resolution spectra for C1s, Si2p, O1s and N1s were obtained and used for quantification 
purposes.  Figure 6.13 show deconvoluted C1s high resolution spectra.  Deconvolution of the high 
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resolution spectra contains four different peaks centred at 284.3eV, 285.0eV, 285.8eV and 287.9eV 
binding energies which can be assigned to C-Si, CHx/ C-C, C-NH2 and C- F [312].  Except for the 
carbon functional group C-F, all other three functionalities can be attributed to the silane.   The area 
ratio of the different carbon functionalities is C-Si: C-C: C-NH2 = ∼ 1:1:1.  The structure of the 
propylamine functional group includes three carbon atoms, one of which is attached to the silicon 
atom of the surface (C-Si); carbon atom at the other end of the propyl chain is attached to amino 
functional group / nitrogen (C-NH2).  Carbon atoms connected to the silicon and nitrogen are linked 
via a carbon atom, contributing to the C-C bond.  Considering the equal atomic percentage 
contribution in the C1s spectrum by all three carbon functionalities confirms the presence of Si-C3H8-
NH2. 
 
The deconvoluted high resolution spectra for Si2p depicted in Figure 6.13 shows two different peaks 
centred at a binding energy of 102.3eV and 103.5eV, which can be associated with the Si-C and Si-O 
functionality [306].  The atomic ratio of the Si-O: Si-C functionality was found to be ∼3:1.  The Si has 
four valency and after condensation of the silane on the surface each silicon atom in the silane is 
attached to three oxygen atoms, whereas aminopropyl functional group is attached to the silicon 
satisfying fourth valency.  The atomic ratio of two different Si functionalities obtained from the XPS 
confirms anchoring of aminopropyl functional group to the surface. 
 
The deconvoluted O1s spectra can be fitted with one peak centred at a binding energy of 532.6eV, 
which confirms the O-Si functionality [313, 314].  Each oxygen atom is found to be attached only to 
the Si atom confirming formation of uniform layer of organo-silanes on the mesoporous silica surface.   
 
High resolution spectra of N1s provided a symmetrical Gaussian peak, which can be deconvoluted 
with one peak centred at 399.5eV binding energy (Figure 6.14). The N1s peak can be assigned to the 
functionality C-NH2 [90, 315].  Symmetrical single peak obtained from N1s confirms availability of 
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only free amine groups obtained from the APTES and effect of moisture or surrounding environment 
CO2 [90].   
 
 
 
Figure 6.14 XP Spectra for 3D nanotemplate surface functionalised with amine functional end group 
showing deconvoluted N1s spectra with FWHM of 2.2eV employed. 
 
Static water contact angle analysis on the surfaces functionalised with amine end groups showed an 
approximately 3× higher contact angle than the same obtained on the surfaces with hydroxyl 
functional groups.  This agrees with literature reports.    ξ-potential measurements revealed that the 
surface charge was significantly different from the hydroxyl surface and observed to be positively 
charged suggesting the presence of NH2 functional groups agreeing with the existing literature [316].  
The hydroxyl functionalised or untreated silica particles have silanol groups and show a negative 
potential due to the dissociation of protons from  the silanol functional groups above pH 3.0.  The 
presence of NH2 functional groups accepts the protons and results in protonated NH3+ species, which 
is positively charged and exhibit positive potential at acidic or pH 7.0.  
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Considering the XPS analysis, area ratios of different C1s and Si2p functionalities and functionalities 
confirmed by the O1s and N1s high resolution spectra, it can be concluded that the well ordered 
structure of propylamine functional groups is obtained on the surfaces of mesoporous silica.  The 
results obtained with contact angle measurements and ξ-potential measurements also complement the 
findings of XPS qualitatively. 
 
Chloro Functionalised 3D nanotemplate Surface 
 
 
Chloroalkane functional end groups are reported to have the protein binding ability via covalent 
coupling [317].  In this study, mesoporous silica was functionalised using the propylchloro functional 
group.  The XPS survey spectrum exhibited the presence of carbon (C1s), chloro (Cl2p), silicon 
(Si2p) and oxygen (O1s).    
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Figure 6.15 XP Spectra for 3D nanotemplate surface functionalised with chloropropyl functional end 
group showing deconvoluted (a) C1s, (b) Si2p and (c) O1s environments.  FWHMs of 1.7eV for C1s 
spectra, 1.9eV for Si2p and 1.9eV for O1s spectra were employed. 
 
 
Figure 6.15 shows the high resolution XPS spectra for C1s, Si2p and O1s for a chloropropyl-
functionalised surface.  The deconvoluted spectrum of C1s resulted in three different peaks centred at 
284.4eV, 285.1eV and 286.8eV  which were assigned to C-Si, CHx/ C-C and C-Cl [312].  A binding 
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energy shift of 0.1eV in the C-C functionality can be caused by the strong electro negative behaviour 
of the chloro terminal end group which is attached to the relatively short chain alkane having effect on 
carbon adjoining to the one attached to the functional end group.    An atomic ratio for all three 
functionalities exhibited by the high resolution C1s spectra C-Si:  CHx/ C-C:  C-Cl is found to be 
∼1:1:1.  This confirms the presence of propylchloro functionality anchored on silica.  A high 
resolution spectrum of Si2p can be deconvoluted with two different peaks centred at 102.1eV and 
103.5eV, which can be assigned to Si-C and Si-O functionalities.  An atomic ratio of silicon with two 
different functionalities can be calculated as Si-O : Si-C ≅ 3:1 corroborating the functionalisation of 
surface.  Similar to the findings of amine functionalise surfaces, high resolution spectrum of O1s can 
be fitted with one peak centred at 532.7eV, which can be assigned to O-Si.  
 
Cl2p high resolution spectra revealed the presence of chloropropyl functional group, which can be 
identified by the biding energy 200.0eV of the peak [318].  Spin orbit splitting of Cl2p lines is evident 
from the high resolution spectra of Cl2p (Cl2p3/2 and Cl2p1/2), which is a characteristic behaviour of 
surfaces containing Cl- functional group.  The intensity ratio between Cl2p3/2 and Cl2p1/2 (I(Cl2p3/2): 
I(Cl2p1/2)) is 1.3.  Separation in binding energy between splitted peaks ∆ is found to be 1.6eV [312, 
319].  The presence of the peak Cl2p3/2 centred at 200.0eV can be assigned to the Cl-C functionality 
[320, 321]. 
 
Static water contact angles on the surfaces functionalised with chloropropyl terminal end groups were 
found to be approximately twice the same obtained on surface modified with propylamine functional 
end groups and approximately 7× of the same obtained on the surfaces functionalised with hydroxyl 
functional groups agreeing qualitatively with the findings of XPS.  The peak area ratios obtained from 
the XPS high resolution spectra (C1s, Si2p, O1s and Cl2p) confirms the presence of chloropropyl 
functional end group on the silica surface.   
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Phenyl Functionalised 3D nanotemplate Surface 
 
A strong carbon peak (C1s) is displayed in the XPS survey spectrum, suggesting presence of carbon, 
which is expected from the phenyl functional end group.  In addition to carbon, silicon (Si2p), oxygen 
(O1s) and very weak signals of fluoro and nitrogen were also observed in the survey spectrum.   
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Figure 6.16 XP Spectra for 3D nanotemplate surface functionalised with phenyl functional end 
groups showing deconvoluted (a) C1s, (b) Si2p and (c) O1s environments.  FWHMs of 1.9eV for C1s 
spectra, 2.4eV for Si2p and 1.9eV for O1s spectra were employed. 
 
 
The deconvoluted XPS high resolution spectrums for C1s, Si2p and O1s are shown in Figure 6.16.  
Three different peaks centred at binding energies of 284.2eV, 284.7eV and 286.5eV can be fitted in 
deconvoluted XPS spectra.  The peaks centred at 284.2eV and 284.7eV can be assigned to the 
C(aromatic)-Si and C-C(aromatic) functionalities [312].  The presence of a peak at 286.5eV suggests 
the presence of a C-O functionality [312].  The atomic ratio obtained for C(aromatic)-Si : C-C 
(aromatic) : C-O is ∼1: 5: 2.  The phenyl group is attached to the Si-atom.  One carbon atom within 
the phenyl ring attached to the Si atom contributes to the C(aromatic)-Si functionality, whereas all 
other carbon atoms in the phenyl-ring contribute to the C-C(aromatic) [312].  The atomic ratio 
obtained from the high resolution C1s spectrum confirms the presence of phenyl-functional groups 
anchored on the Si atom.  The silane reagent used for grafting phenyl functional end group in the 
current study is triethoxyphenylsilane.  Presence of C-O functionality in the high resolution spectra 
with atomic ratio of 2:1 with C(aromatic)-Si suggests the presence of organo-silanes layers having 
isolated silane molecules on the surface [90, 153].    
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Deconvolution of the Si2p high resolution spectra shows two different functionalities, Si-O and Si-
C(aromatic) with associated binding energies of 102.3eV and  103.6eV [306, 307].  The area ratio of 
Si-O and Si-C (aromatic) functionalities was found to be ∼3:1.   The high resolution spectra of O1s 
can be fitted with three different peaks centred at 532.6eV, 533.6eV and 534.5eV.  The peak centred 
at 534.5eV can be attributed to the physisorbed water on the surface, which can be result of sample 
being exposed to the atmospheric moisture [309].  Peaks centred at 532.6eV and 533.6eV can be 
assigned to the O-Si and O-C functionalities.  An atomic ratio between O-Si and O-C functionalities 
calculated from the deconvoluted high resolution spectrum is ∼3:1 confirming the conclusions made 
from C1s spectrum. 
 
Static water contact angle obtained on the phenyl functionalised surface is found to approximately 
10×  higher than the same obtained on hydroxyl functionalised/ untreated surface, approximately 3.3× 
higher than amine functionalise surfaces and 1.3× higher than chloropropyl functionalised surfaces 
suggesting a gradient of hydrophobicity obtained with different surface functional end groups.  
Contact angle values obtained here are relatively lower compared to the published literature which 
can be attributed to low density of packing of organo-silanes molecule on the surface. This agrees 
with the findings of the XPS study. 
 
Trifluoro Functionalised 3D nanotemplate Surface 
 
Survey spectrum of the trifluoro functionalised surface showed the presence of fluoro (F1s) and 
carbon (C1s).  Silicon (Si2p) and oxygen (O1s) were also detected.   Deconvoluted high resolution 
spectra obtained for carbon, silicon and oxygen are presented in the Figure 6.17. C1s high resolution 
spectrum shows binding energies of 284.3eV, 285.4eV, 286.9eV and 292.6eV corresponding to the C-
Si, CHx/ C-C, C-CF3 and -CF3.  Fluoro is highly electronegative and reported to have strong influence 
on the binding energy of the carbon atom associated with it as well as the adjoining carbon atoms as 
well.  Due to this well documented phenomenon, the 0.4eV shift in binding energy of carbon atom 
involved in the C-C bond as well as 1.9eV shift in the carbon atom associated with C-CF3 
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functionality is observed [312].  The atomic ratios of all four functionalities C-Si : CHx/ C-C : C-CF3 : 
-CF3 is calculated to be ∼1:1:1:1. 
 
Atomic ratios of different C1s functionalities suggest anchoring of C3H6-CF3 on the silicon atom.  
Si2p high resolution spectra can be deconvoluted using two Gaussian peaks centred at 102.3eV and 
103.6eV, which can be assigned to the Si-C and Si-O functionalities [306, 307].  The atomic ratio 
calculated between two functionalities is 3:1; Si-O: Si-C confirming the grafting of trifluoro 
functional end group on the surface. 
 
O1s high resolution spectrum can be fitted with one Gaussian peak centred at 532.6eV, which can be 
assigned to the O-Si functionality.  The absence of any other functionality in O1s high resolution 
spectra, particularly O-C functionality confirmed the formation of an uniform layer of organo-silanes 
on the silica surface following the rational provided in amine and chloropropyl functionalised 3D 
nanotemplates. 
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Figure 6.17 XP Spectra for 3D nanotemplate surface functionalised with trifluoro functional end 
groups showing deconvoluted (a) C1s, (b) Si2p and (c) O1s environments.  FWHMs of 1.6eV for C1s 
spectra, 1.9eV for Si2p and 1.8eV for O1s spectra were employed. 
 
 
 
The contact angle measured on the surfaces functionalised with trifluoro functional end group was 
found to be approximately 11× higher than for hydroxyl functionalised surfaces. However, the water 
contact angle measured here is slightly lower than the same reported in the literature [322]. 
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Dodecyl Functionalised 3D nanotemplate Surface 
 
 
The survey XPS spectra showed the presence of all expected component peaks (e.g. carbon (C1s), 
silicon (Si2p) and oxygen (O1s)).  High resolution spectra of all components present in the survey 
spectra are obtained and a deconvoluted high resolution spectra is shown in Figure 6.18 
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Figure 6.18 XP Spectra for 3D nanotemplate surface functionalised with dodecyl functional end 
groups showing deconvoluted (a) C1s, (b) Si2p and (c) O1s environments.  FWHMs of 2.0eV for C1s 
spectra, 2.4eV for Si2p and 1.7eV for O1s spectra were employed. 
 
 
 
The deconvoluted C1s high resolution spectra can be fitted with three different peaks centred at 
284.3eV, 285.0eV and 286.5eV, which are assigned to C-Si, C-C and C-O functionalities [312].  The 
dodecyl functional group [-CH3(CH2)10CH3] has 12 carbon atoms, one of which is attached to the Si 
atom and remaining 11 atoms are attached via a C-C functionality.  An atomic ratio of carbon atoms 
assigned to C-C and C-Si functionality is calculated to be 11:1 confirming the anchoring of dodecyl 
functional end group on the Si atom.  The presence of a C-O functionality suggests a non uniform 
layer of organo silanes.  The atomic ratio of C-C to C-O functionality was found to be 11:1.  Si2p 
high resolution spectra showed binding energies corresponding to the Si-O and Si-C functionalities 
[306, 307].  The atomic ratio of Si atom associated with Si-O and Si-C functionalities is calculated as 
3:1 confirming formation of organo silane layer on the silica surface.  The deconvolution of O1s high 
resolution spectra resulted in three different peaks centred at 532.6eV, 533.7eV and 534.5eV which 
can be assigned to O-Si, O-C and physisorbed water on the surface [312].  An atomic ratio of O-Si to 
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O-C functionalities is calculated to be 3:1 and supports the argument made from the information 
obtained from C1s spectrum. 
 
Static water contact angle measurement on the dodecyl functionalised surfaces were found to be 
approximately 12× higher than hydroxyl functionalised surface and approximately 4× higher than 
amine functionalised surface.  However, the contact angles obtained are lower than the values 
reported in the literature [105].  Relatively lower values of contact angles can be attributed to the poor 
packing of the functional end group as well as presence of physisorbed water on the surface agreeing 
with the findings of XPS.  ζ- potential measurements at pH 7.0 on the surfaces modified with dodecyl 
functional group were slightly negative and very close to neutral.  Preferential adsorption of negative 
ions on the surfaces of dodecyl terminated surfaces is proposed considering that the carbon anions 
cannot be formed in aqueous solution.  Absorption of negatively charged ions on the dodecyl surface 
is further supported by  the pervious findings on the rational that cations can be more easily hydrated 
and retain in the solution resulting in weakly negative or neutral  ζ – potential values [323].  Compiled 
results of ζ – potential measurements are reported in Chapter 8 of the thesis.  
 
6.4 Conclusion 
 
Mesoporous silica surfaces with tuned surface porosity and narrow pore size distribution were 
prepared using sol-gel based methods.  The cooperative self assembly of organic surfactants was 
employed as sacrificial templates to prepare surfaces with pore diameter range 3-22nm and narrow 
pore size distribution.  Effects of process parameters, organic swelling agents and sacrificial template 
removal strategy on tuning pore diameter and pore size distribution were rationalised in this chapter.  
In summary five different surfaces with narrow pore size distribution and functionalised with amine, 
chloropropyl, phenyl, trifluoro and dodecyl functional end groups were prepared.  Texture parameters 
were characterised using N2 adsorption methods and TEM.   Successful grafting of various functional 
end groups onto the surfaces of mesoporous silica is confirmed by XPS and wettability measurements.   
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7.0  Effect of Surface Porosity and Narrow Pore Size Distribution on 
Crystallisation of Biological Macromolecules 
 
 
7.1 Introduction 
 
 
Nanoporous surfaces with broad pore size distribution and disordered porosity have been used before 
for crystallisation of proteins and reported to be suitable for crystallisation of many different proteins 
on surface of a nucleant, i.e. universal nucleant [25, 26].  The drawback of such approach are 
explained in detail in this chapter and the alternative method, which is based on the relationship 
between nucleant pore diameter and hydrodynamic size of the protein molecule under crystallisation 
conditions, is described.  To verify the effect of surfaces with narrow pore size distribution, 
crystallisation of seven different protein systems ranging in molecular weight from 14kDa to 450kDa 
and protein hydrodynamic diameter from 3 to 22nm was carried out on the surfaces of five different 
3D nanotemplates (Type-I to Type-V) with pore diameter 3.5±1.0nm, 5.5±1.5nm, 11.0±3.0nm, 
16.0±3.0nm and 22.0±5.0nm.  Experimental results obtained are also rationalised on the basis of 
various theoretical studies predicting the enhanced thermodynamic stability of proteins in nano-
confinements and the two step nucleation mechanism recently proposed. 
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7.2 Background 
 
Obtaining diffraction quality crystals is considered to be the major bottleneck of protein 
crystallisation.  The control of nucleation is known to be pivotal in solution [6].  A first order phase 
transition is the first step of any crystallisation process and plays a crucial role in not only inducing 
nucleation but also controlling crystal quality and polymorphic forms [21].    The nucleation event is 
difficult to control and results in showers of tiny crystal (typically less than 5µm) which are not of 
diffraction quality [324].  To bypass this uncontrolled nucleation event, an alternate strategy used is 
seeding.  Small crystals of the same protein or related protein are seeded in the metastable zone which 
shifts the super-solubility curve reducing the width of the metastable zone and result in growth of 
good quality crystals.  However, considering the specificity of proteins, it is difficult to obtain seed 
crystals and often seeds are observed to dissolve.  This shows the need for an alternative foreign 
surface or heterogeneous nucleant.     The quest for suitable nucleants which can control nucleation of 
a wide variety of proteins has been ongoing.  In 2001, Chayen et al. reported the effect of disordered 
surface porosity and wide pore size distribution on crystallisation of biological macromolecules and 
suggested that surfaces with broad pore size distribution can be suitable candidates for crystallising 
different proteins on the same surface [25].     
 
Saridakis et al. proposed a theoretical model based on statistical modelling suggesting that surfaces 
with wide pore size distribution cause rapid nucleation of proteins and are also suitable for 
crystallising more than one protein.  They floated the idea of an universal nucleant and proposed that 
templates with wide pore size distribution can be a suitable candidate for crystallising different 
proteins ranging in different molecular weights.  Such surfaces have pores varying in size and only a 
few pores are suitable for a particular proteins to nucleate and results in crystallisation of more than 
one protein on the same surface.  Chayen et al. demonstrated crystallisation of 14 different proteins on 
a bioglass surface with wide pore size distribution (ranging from 2-15nm) [9, 26].  Indeed, it is argued 
that the lack of selectivity exhibited by these materials is one of their primary benefits.  Furthermore, 
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it is also reported that surfaces with tuned pore diameter and narrow pore size distribution (e.g. MCM-
41 and VPI-5) failed to influence nucleation of biological macromolecules [25, 26].  It is very 
important to point out here that templates with narrow pore size distribution up to pore diameters of 
∼5nm (e.g. MCM-41, VPI-5 or alumina silicate zeolites) are applied till date [325, 326].  Considering 
the size of the protein molecules under investigation, i.e. concanavalin A (∼8.0nm) or catalase 
(∼10.0nm), template pore sizes may be in-appropriate. Hence, no influence of templates with narrow 
pore diameter was previously observed or reported.  
 
It is evident from the literature referred here that no previous report did systematically investigate the 
effect of tuned surface porosity and narrow pore size distribution on the crystallisation of proteins.  
No correlation between nucleant pore diameter and protein physicochemical properties is developed.  
The approach adopted in the literature successfully crystallised isolated proteins. However, scientific 
understanding on effect of porosity of the protein crystallisation was not significantly enhanced and 
the crystallisation methods still relies on shot gun based approaches. 
 
This chapter seeks to understand the heterogeneous crystallisation of specific protein molecules on 
surfaces with tuned pore diameters. In doing so, it is aimed to establish a relationship between pore 
diameter and protein solution hydrodynamic properties. Such an understanding would allow the 
development of new methods for the crystallisation of specific biological macromolecules 
significantly lowering the screening efforts required for obtaining protein crystals. 
  
- 148 - 
 
7.3 Results 
 
7.3.1 Effect of Nucleant Surface Porosity on Protein Crystallisation 
 
Table 7.1 describes the compilation of crystallisation results observed on the different types of 3D 
nanotemplates for different protein systems. In Figure 7.1, protein crystal micrographs obtained on 
the surfaces of different 3D nanotemplates are shown.  The results shown in Figure 7.1 highlight the 
effect of specific nucleant porosity on the preferential crystallisation of a particular protein molecule 
from the metastable solution condition reported in the literature.  Details of experimental observations 
are reported below.   
 
7.3.1.1 Lysozyme  
 
First crystals were observed microscopically on the surfaces of 3D nanotemplates with pore diameter 
3.5±1.0nm within 12-24 hours of setting the experiments.  At similar time scale no crystals were 
observed on the surfaces of any other 3D nanotemplates or non-porous glass coverslips.  The optical 
micrograph of crystals obtained on the surface of the Type-I 3D-nanotemplate are shown in Figure 
7.1(a).  Lysozyme crystals were observed on the surfaces of all other 3D nanotemplates and control 
glass coverslips within 7 days of setting up of an experiment.   
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Table 7.1 Details of crystallisation results obtained at metastable conditions reported in the literature. 
 
Protein Control 
(Non-Porous) 
Pore diameter 
(3.5±1.0nm) 
(Type-I) 
Pore diameter 
(5.5±1.5nm) 
(Type-II) 
Pore diameter 
(11.0±3.0nm) 
(Type-III) 
Pore diameter 
(16.0±3.0nm) 
(Type-IV) 
Pore diameter  
(22.0±5.0nm) 
(Type-V) 
Lysozyme uncontrolled 
crystallisation 
Well faceted 
crystals 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
Thaumatin no crystals well faceted 
crystals 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
uncontrolled 
crystallisation 
Trypsin no crystals well faceted 
crystals 
no crystals no crystals no crystals no crystals 
Human Serum 
Albumin 
no crystals no crystals well faceted 
crystals 
no crystals no crystals no crystals 
Concanavalin A no crystals uncontrolled 
crystallisation 
no crystals well faceted 
crystals 
no crystals no crystals 
Catalase  no crystals no crystals no crystals well faceted 
crystals 
no crystals no crystals 
Ferritin no crystals no crystals no crystals no crystals uncontrolled 
crystallisation 
well faceted 
crystals 
Note: uncontrolled crystallisation – crystals are of typically smaller than 10µm and nucleation event is 
excessive; well faceted crystals – microscopic crystals are observed typically more than 100 µm in 
size and no aggregation was observed 
 
7.3.1.2 Thaumatin  
 
As referred in the Table 7.1, first crystals of thaumatin were observed on the surfaces of 3D 
nanotemplates with a pore diameter 3.5±1.0nm within 18-24 hours.  At similar time scales, no crystals 
were observed on the surfaces of any other 3D nanotemplates.  However, no crystals were observed at 
similar time scales crystallisation was observed on all 3D nanotemplate surfaces under investigation 
within 15 days of setting up an experiment.  Crystals obtained on surfaces other than 3D 
nanotemplates with pore diameter 3.5±1.0nm were small size and a very high crystal density was 
observed.  Within the time of observation no crystals were observed on the control surface. Crystals 
obtained on the surface of the 3D nanotemplate with a pore diameter of 3.5±1.0nm are shown in 
Figure 7.1(b). 
  
  
Figure 7.1  Crystallisation of proteins on 3D nanotemplate surfaces (a) lysozyme crystals on surface 
with 3.5±1.0nm pore diameter (Type
pore diameter 3.5±1.0nm (Type-
I) (Scale bar 200µm) (d) HSA crystals obtained on surface with pore diameter 5.5±1.5nm 
150µm).  
7.3.1.3 Trypsin  
 
First protein crystals were observed on the surface of 3D nanotemplates 
3.5±1.0nm within 48-72 hours.  The crystals obtained were well faceted crystals.  
remained clear for all other 3D nanotemplate surfaces under investigation as well as control glass 
coverslips during the observation period of 15 days.  Optical
surfaces with a pore diameter of 
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7.3.1.4 Human Serum Albumin (HSA)  
 
The crystallisation of HSA was carried out at starting protein concentration 10mg/mL.  Well formed 
HSA crystals were observed within 36-48 hours on the 3D nanotemplate with a pore diameter of 
5.5±1.5nm.  Small crystals were also observed on the surfaces of 3D nanotemplates with 3.5±1.0nm 
after 5 days.  No other 3D nanotemplate surfaces under investigation as well as the control surface 
resulted in HSA crystals within 15 days.   HSA has not been previously crystallised on any other 
porous surfaces  including the work reported by Saridakis et al. using bio-glass as universal nucleant 
which reported crystallisation of 14 different proteins [26] .  This is the first successful report of the 
crystallisation of HSA on porous heterogeneous nucleants.  Figure 7.1(d) shows the crystals obtained 
on the surface of 3D nanotemplate with a pore diameter of 5.5±1.5nm (Type-II) 
 
 
   
7.3.1.5 Concanavalin A  
 
Crystals of concanavalin A were only obtained on the nucleants with a pore diameter of 11.0±3.0nm 
within 24-36 hours.  Showers of small crystals were observed on the surfaces of 3D nanotemplates 
with pore diameter 3.5±1.0nm after 48 hours suggesting uncontrolled crystallisation.  No crystals 
were observed on other 3D nanotemplates surfaces as well as control glass coverslips within 15 days.  
However concanavalin A has been widely studied for crystallisation method development.  
Concanavalin A has been crystallised on surfaces of nucleants with different surface functional end 
groups by Tosi et a., however,  it escaped crystallisation on the surface of porous heterogeneous 
nucleants with wide pore size distributions [25].    Micrographs showing crystals obtained on the 
surfaces of 3D nanotemplates with a pore diameter of 11.0±3.0nm are depicted in Figure 7.2(a). 
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7.3.1.6 Catalase  
 
Catalase is a tetramer and a protein with a molecular weight twice the same of concanavalin A and 
∼10× the same of thaumatin.  Crystals were obtained on the 3D nanotemplate surface with a pore 
diameter of 11.0±3.0nm within 48-72 hours.  No other 3D nanotemplate surfaces as well as 
nonporous glass reference surface resulted in catalase crystals within 15 days.  The crystals obtained 
on the surfaces of the 3D nanotemplate are shown in Figure 7.2(b).  Catalase has been crystallised 
previously using the porous silicon and bioglass nucleants.  Recently,  molecularly imprinted polymer 
based-nucleant were unsuccessful in obtaining protein crystals [27]. 
 
   
            
 
 
 
 
 
Figure 7.2 Crystallisation of proteins on 3D nanotemplate surfaces (a) concanavalin A crystals on 
surface with 11.0±3.0nm pore diameter (Type-III) (Scale bar 150µm)  (b) catalase crystals on surface 
with pore diameter 11.0±3.0nm  (Type-III) (Scale bar 200µm) (c) ferritin crystal on surface with pore 
diameter 22.0±5.0nm (Type-V) (Scale bar 150µm). 
 
7.3.1.7 Ferritin  
 
Crystals of Ferritin, which is a protein with high molecular weight (∼2× the molecular weight of 
catalase and ∼20× the molecular weight of thaumatin) were observed on the 3D nanotemplates with a 
pore diameter of 22.0±5.0nm within 48-60 hours.  No other 3D nanotemplates or non-porous glass 
coverslips or control surface resulted in crystals at the similar time scale.  Showers of very small 
crystals were observed on the surface of 16.0±3.0nm within 72 hours.  Considering its high molecular 
weights as well as high number of subunits (24), no reports of crystallisation of this model protein on 
 
(a) (b) (c) 
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porous nucleant surface is reported till date.  The crystals obtained on the surface of 3D nanotemplates 
are shown in the Figure 7.2(c). 
 
Proteins with lower molecular weights in the range of 14 -24kDa were observed to crystallise on the 
3D nanotemplate with a pore diameter of 3.5±1.0nm, whereas protein with moderate molecular 
weight (HSA, 67kDa) was observed to crystallise on the surfaces of the 3D nanotemplates with a pore 
diameter of 5.5±1.5nm.  Crystals of proteins with higher molecular weight ∼2 – 4× molecular weight 
of HSA were observed on the 3D nanotemplates with a pore diameter of 11.0±3.0nm.  Ferritin, which 
is a protein with very high molecular weight (∼7× molecular weight of HSA), was crystallised on the 
surface of 3D nanotemplate with a pore diameter of 22.0±5.0nm.   
 
A key observation of the current study is the preferential crystallisation of proteins on specifically 
engineered surfaces with controlled pore diameter and narrow pore size distribution.  The extent of 
this preferential behaviour varied from being fully selective in that some proteins only crystallised on 
one template, independent of the time frame observed. In other cases, crystallisation occurred on one 
template initially with other templates seeing crystallisation at much later timeframes. Substrate 
selectivity in the heterogeneous crystallisation of proteins, demonstrated in this study has not been 
previously reported. 
 
Though previous work highlighted the potential role of mesoporous materials in protein nucleation, 
the results obtained have been variable. For example, previous efforts to crystallise proteins on 
zeolites and other related materials based ordered micro/mesoporous substrates with narrow pore size 
distribution have failed, which can be attributed to the inappropriate selection of pore sizes for protein 
molecules as discussed in Section 7.2 of this chapter [25, 27].  Similar studies with disordered 
mesoporous materials were more successful but could not crystallise concanavalin A or catalase 
which was crystallised successfully here using a specifically engineered mesoporous substrate; the 
Type-III nucleant [25, 27]. 
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The metastable conditions for heterogeneous crystallisation of proteins reported in the literature were 
used in the current work [25, 26, 72].  To isolate the influence of the surface porosity on controlling 
nucleation, several experimental controls were performed : (i) droplets of the same protein trial were 
prepared from the same and different batches of protein and precipitant solutions, (ii)  mesoporous 
surfaces used were from the same and different batches of synthesis experiments, surfaces were 
cleaned and degassed before use, (iii) before inverting the slide,  all the droplets are kept in open air 
for approximately similar time,  (iv) all results presented here were repeated at least 5 times to 
confirm data reproducibility.   
 
7.3.1.8  Comparative Study of 3D nanotemplates and Templates with Wide Pore Size 
Distribution 
 
 
Figure 7.3 Comparison of bio-glass surface prepared with the different 3D nanotemplates, 
highlighting broad pore size distribution of bio-glass. 
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To further validate observations of the current study, a comparative study of protein crystallisation on 
the templates with wide pore size distribution and surfaces of 3D nanotemplates was conducted.    
Surfaces of disordered pore diameter (e.g. porous silicon and bio-glass) were prepared following the 
methods reported in the literature [25, 26].  
 
Figure 7.3 shows a pore size distribution obtained with N2 sorption based methods for the bio-glass 
prepared and used as a template for protein crystallisation in this study.   Crystallisations of all protein 
systems used in the study were carried out on the surfaces of porous silicon, bio-glass and 3D 
nanotemplate.   Crystallisation results obtained on different surfaces with one protein system, which 
has been crystallised before on the nucleant with broad pore size distribution as well as one protein 
system, which escaped crystallisation before on nucleant with broad pore size distribution is detaild in 
this section.  
 
Concanavalin A Crystallisation 
 
 
  
 
Figure 7.4 Crystallisation of concanavalin A on different surfaces (a)  porous silicon  (b) bio-glass (c) 
3D nanotemplate with pore diameter 11.0±3.0nm (Micrographs obtained after 96 hours) (Scale bar 
150µm). 
 
Figure 7.4 shows the optical micrographs of a concanavalin A crystallisation droplet obtained after 96 
hours of incubation.  It is evident from Figure 7.4(a) and (b), no crystal can be observed within the 
droplet with porous silicon or bio-glass whereas (at the same time) crystals were obtained on the 3D 
(a) (b) (c) 
 nanotemplate with a pore diameter
nanotemplates with any other pore diameter at the same time.
 
Thaumatin Crystallisation 
 
 
Figure 7.5 Crystallisation of thaumatin on different surfaces (a) 3D nanotemplate with pore diameter 
3.5±1.0nm (b) porous silicon (Micrographs obtained after 48 hours) 
 
First crystals of thaumatin were 
of 3.5±1.0nm after 24 hours of setting up 
templates with a wide pore size distribution 
nanotemplates with other pore diameter
the surfaces of bio-glass after 72 hours of setting up an experiment whereas bi
crystals were found on the surface of porous silicon after 96 hours.  
obtained from crystallisation droplets with porous silicon and 3D nanotemplates after 48 hours of 
setting up the experiment. 
 
7.4  Discussion 
 
Rationalisation of experimental observations of this study can be described based on the en
implications of protein nano-confinement. A nanoscale mechanism of nucleation is supported by 
(a) 
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recent theoretical studies which have highlighted the unique protein solution behaviour when confined 
or restricted to nanometre dimensional spaces. These studies provide a theoretical framework for the 
first time which may help explain why mesoporous solids with controlled pore diameter, as reported 
here, are especially successful in achieving thermodynamic solution stability.  This may lead to an 
energetically favourable environment for protein folding and nucleation. Wu et al. have reported that 
proteins constrained within nano-size cylinders exhibited much higher rates of protein folding and 
improved thermodynamic stability as reflected in the folding temperatures [327]. These enhanced 
folding rates are driven by the geometrical restrictions in the conformation space (i.e. entropic) for the 
protein molecule with protein stability increasing as the pore diameter decreased and approached 
twice the Rg for the protein in question. They also concluded that pore height and diameter play a role 
in determining folding rates though the effects of pore height have not been addressed in the current 
study. This work also acknowledges the existence of nanometre channels in some natural systems 
such as ribosome tunnels and chaperonin protein cavities and that these natural mesoporous structures 
could well have a key role in facilitating protein folding.  Zhang and Cheung have modelled protein 
confinement in spherical and ellipsoidal nano-spaces [328]. For confinements spaces >5 x Rg, protein 
stability was comparable to that of the bulk solution space.  Enhanced levels of protein folding and 
protein thermodynamic stability with folding temperatures increased by 70K were reported for pores 
sizes equal to 2 x Rg compared to the bulk conditions assuming repulsive interactions between the 
pore wall and the protein. They argue, an optimally engineered confinement will lower the energy 
barrier of transitions states in the free energy reaction co-ordinate space. Mittal and Best have also 
modelled protein confinement and have produced a number of scaling laws for protein stability versus 
confining dimensions [329]. Again, best conditions for stability and folding occur as confinement 
dimensions approaches twice the protein’s Rg.  The relationship between protein confinement in nano-
cavities and protein crystal nucleation phenomena is a new topic which is not yet fully understood. 
According to Zhang and Cheung, these enhancements can be ascribed to the reduction in the 
activation energy for the relevant transition state. These authors argue that as the pore shape and size 
approaches that of the size and shape of the proteins transition state, the restriction in conformations 
possible facilitates thermodynamically the most stable and favourable state for nucleation [328].  
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From our experiments, it is clear that the number of protein molecules within a critical nucleus for the 
experimental conditions reported here must be a minimum based on close relationship between pore 
diameter and Rg for all of the proteins reported here. Such small critical nuclei are especially 
interesting as every molecule can be the precursor for the crystalline phase, and that their subsequent 
growth into dimers, and ultimately a crystal, occurs with a free energy gain [31, 45].   
 
However, the explanation provided herein rationalises the role of porosity in nucleation of proteins on 
the surfaces of tuned pore diameter and narrow pore size distribution considering thermodynamic 
stability within the pores of appropriate size.  It does not provide any explanation of formation of 
critical nuclei equivalent to a single molecule.  Furthermore, considering the 2×Rg for a protein 
molecule as a function of 3D nanotemplate pore diameter resulted in preferential crystallisation of 
proteins, one can argue that ferritin with a diameter of gyration of 13.1nm should be preferentially 
crystallised on 3D nanotemplates with a pore diameter of 16.0±3.0nm instead of pore diameter 
22.0±5.0nm. 
 
Experimental results obtained in this study also support the recent theoretical predictions regarding 
the crystallisation of protein molecules within nano-porous surfaces.  The mechanism of 
crystallisation of proteins in porous nucleant media was rationalised on the basis of thermodynamic 
and kinetic considerations of classical nucleation theory.  It is postulated here,  that protein molecules 
from a dilute solution enter the nano-pores via a combination of diffusion and capillary condensation. 
This is a thermodynamically driven phenomenon detailed elsewhere [51].  The localised 
immobilisation of the molecules within the optimum pore will lower the change in free energy barrier 
required for forming a nucleus by increasing local supersaturation and inducing nucleation within the 
pores [82, 83].  Although this mechanism discussed here represents a macroscopic explanation, the 
assumptions in the development of the classical nucleation framework oversimplify the process and 
limit its applicability in interpreting experimental findings [39]. 
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A more comprehensive explanation of macromolecular crystallisation can be provided by the two step 
nucleation mechanism. Accordingly formation of crystals from dilute solution follows the path in 
which an initial formation of a dense liquid phase results instantly from the dilute liquid (difference in 
concentration) and this dense liquid phase facilitate nucleation, which can be attributed to the high 
solute concentration within the droplets of dense liquid phase [31, 35, 330].  The detailed explanation 
of the two step nucleation theory is provided in Chapter 2 of this thesis.   The application of two step 
theory discussed in this section is limited to provide a rational for the experimental results obtained in 
this chapter only. 
 
The nucleants used in the current work are silica-based materials which exhibit weak attractive/ 
repulsive interactions towards the proteins under investigation within the crystallisation conditions 
used here.  Due to these interactions, the formation of a highly dense liquid phase (which is rich in 
solute) is argued to be facilitated. The concentration difference can be a factor which distinguishes 
between the dilute solution and highly dense phase. Formation of such a high density phase has been 
reported to be an instant process and such dense phase intermediates can be characterised using light 
scattering based techniques [331, 332].  It is further reported, the dense liquid phase formed has a 
lower free energy than the initial solution and is only metastable compared to the crystals [18].  The 
formation of crystal nuclei in such a high dense phase is considered to be the rate limiting step for 
nucleation.   Within stable high dense phase liquid droplets, every molecule in the solution can be an 
embryo of the crystalline phase and growth to dimer and larger clusters occurs with a free energy gain 
(Detailed explanation of this phenomenon is provided in Chapter 2 of the thesis) [61].  In such cases, 
the free energy barrier of formation of the crystalline phase from high dense liquid phase is lower than 
the thermal energy of the molecules [64].  In the phase diagram for nucleation of one fluid in another 
fluid, the line at which the thermodynamic nucleation barrier vanishes is known as the spinodal phase 
line.  At the spinodal phase line, the rate of generation of the new phase is limited only by the slow 
growth kinetics of ordered clusters from high dense liquid droplets and independent of change in free 
energy  [17].  Such slow kinetic phenomenon can be attributed to two factors: 
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(i.) The search of an optimum structured arrangement is via structural fluctuations of a large 
number of possible structures that are degenerated in free energy and 
(ii.) The high viscosity of the dense liquid phase results in slow molecular motions 
suppressing all structural fluctuations and non linear kinetic effect. 
 
 
 
Figure 7.6 Schematic representation of the relationship between nucleant pore diameter and protein 
hydrodynamic size proposed in this study. 
 
Here, surface porosity plays an important role in not only inducing nucleation but also in the 
stabilisation of the nucleus formed within the high dense liquid droplets. The macromolecules in the 
highly dense phase near to the surface are postulated to enter the pores under atmospheric pressure via 
capillary rise [83].  Once the protein molecules have entered the pores, the possible structural 
fluctuations are limited due to size constrains.  According to the two step nucleation theory a critical 
nucleus can be formed of a single molecule within the high dense liquid droplets at high 
supersaturation.  The surfaces with pore dimensions in the range of the protein hydrodynamic 
diameter within solution conditions can assist nucleation by providing a surface which can limit the 
structural fluctuations of a molecule within the pore and providing a structurally organised nucleus 
which can grow [64].  Figure 7.6 shows a schematic representation of the relationship between 
nucleant pore diameter and protein hydrodynamic size proposed in this chapter. 
 
Trypsin (22kDa) (3.5±1.0nm) Con A (106kDa) (11.0±3.0nm) Ferritin (450kDa) (17.0±5.0nm) 
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Figure 7.7 Schematic illustration protein hydrodynamic diameter plotted as a function of 3D 
nanotemplate pore diameter resulted in preferential crystallisation of proteins.  
 
Alternatively, the ordered structure of the pores with diameters in the size similar to the size of protein 
molecule in high dense liquid phase (hydrodynamic diameter) can provide a template for optimised 
ordered arrangement of protein molecules results in formation of crystal structure.  In such case, the 
protein molecule is thought to be stabilised by the nanoscale surface porosity and facilitating 2D 
planar arrangement of molecules.  Recent experimental findings by Yau et. al. on the observation of 
formation and growth of critical nuclei for apoferritin via atomic force microscopy agrees with the 
proposed mechanism herein above. The apoferritin critical nuclei was found to be a 2D planar arrays 
of one or two monomolecular layers having arrangement of constituent molecules identical to the one 
found in the apoferritin protein crystal [57]. 
 
To further support the potential mechanism of crystallisation on surfaces of 3D nanotemplates the 
hydrodynamic diameter of each protein system under investigation was measured under crystallisation 
0 5 10 15 20 25 30
Lysozyme (14kDa)
Thaumatin (22 kDa)
Trypsin (24kDa)
HSA (67kDa)
Concanavalin A 
(106kDa)
Catalase (232kDa)
Ferritin (450kDa)
Pore Diameter/ Protein Hydrodynamic Diameter (nm)
Pr
o
te
in
 
 
(M
o
le
cu
la
r 
W
ei
gh
t)
Protein hydrodynamic diameter
3D nanotemplate pore diameter
- 162 - 
 
conditions using dynamic light scattering. The hydrodynamic diameter of the protein molecules 
measured under crystallisation conditions and the template pore diameter resulted in preferential 
crystallisation of proteins are shown as function of protein molecular weight in Figure 7.7 supporting 
the arguments. 
 
 
7.4.1 Experimental Evidence of Relationship Proposed 
 
 
To verify the relationship established between the nucleant surface pore diameter and protein 
hydrodynamic diameter in the current study, lysozyme was selected as the model protein molecule 
and its hydrodynamic diameter was altered using the poly ethylene glycol (PEG) as an additive.  PEG 
is known to alter the hydrodynamic diameter of a protein molecule by replacing the water within the 
molecules.  1% (w/v) and 10% (w/v) PEG-4000 (M.W. 4000kg/kmol) were added in the lysozyme 
solution prepared following the recipe of crystallisation reported in Chapter 5, Table 5.8.  Protein 
solutions so prepared were mixed with precipitant solution in equal volume and the hydrodynamic 
diameter of the protein under crystallisation conditions was measured.   
 
Figure 7.8 Effect of PEG concentration on hydrodynamic radius of lysozyme under crystallisation 
conditions. 
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Figure 7.8 shows the hydrodynamic radii measured for lysozyme crystallisation solution with 
different concentrations of PEG-4000.    Crystallisation of lysozyme with altered hydrodynamic radii 
was carried out on the surfaces of 3D nanotemplates with pore diameter 3.5±1.0nm, 5.5±1.5nm, 
11.0±3.0nm, 16.0±3.0nm and 22.0±5.0nm.  Addition of PEG is known to effect the crystallisation 
induction time and protein concentration required for obtaining crystals as well as crystal habit [196].  
The crystallisation experiments conducted here were only for the purpose of observing the effect of 
altered hydrodynamic diameter of the protein on crystallisation preference of 3D nanotemplates.   
 
The crystals of lysozyme observed on the surfaces of 3D nanotemplates are shown in Figure 7.9. The 
observation of the crystallisation experiments are detailed below. 
 
The first crystals of lysozyme with 1% (w/v) PEG-4000 were observed on the surfaces of 3D 
nanotemplates with pore diameter 5.5±1.5nm.  At similar time scale all other 3D nanotemplate 
surfaces remained clear.  The protein crystals were obtained on all other 3D nanotemplate surfaces as 
well as non porous soda lime glass surface within two weeks of incubation. 
 
   
Figure 7.9 Lysozyme crystals with different concentration of PEG-4000 on surfaces of 3D 
nanotemplates (a) crystals with 1% (w/v) PEG-4000 obtained on 3D nanotemplate with pore diameter 
5.5±1.5nm (b) crystals with 10% (w/v) PEG-4000 obtained on 3D nanotemplate with pore diameter 
11.0±3.0nm (Scale bar 200µm). 
 
 
(a) (b) 
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Lysozyme with 10% (w/v) PEG-4000 was observed to be first crystallising on the surfaces of 3D 
nanotemplates with a pore diameter of 11.0±3.0nm.  At similar time scales, surfaces with 3D 
nanotemplates with other pore diameters and non porous glass surfaces remained clear.  Crystals on 
all other surfaces were observed within the experimental time of two weeks.   It is important to note at 
this point that under similar crystallisation conditions without using PEG as swelling agent, first 
crystals of lysozyme was obtained on the 3D nanotemplate surfaces with pore diameter 3.5±1.0nm. 
Lysozyme crystal habit observed in the current study is elongated rod shape crystal habit which 
aggress with the crystal habits for lysozyme previously reported in the literature [196].    
 
The experimental finding of this study suggest clear evidences of a surface induced crystallisation of 
proteins with a direct correlation between protein hydrodynamic diameter under crystallisation 
conditions and nucleant pore diameter.  The finding of this study provides strong experimental 
evidence of the relationship proposed.  
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7.5 Conclusion 
 
In summary, contrary to all previous reports and for the first time it is demonstrated here that surfaces 
with specific pore diameter and narrow pore size distribution are highly effective inducing the 
crystallisation of a specific protein molecules. Crystallisation of all protein systems under 
investigation was found to be strongly dependent on pore size with a direct correlation with protein 
hydrodynamic diameter. This preference in crystallisation is argued to be a direct consequence of 
local immobilisation or stabilisation of protein molecules, which varies in hydrodynamic diameter, 
within nano-confinement and ultimately formation and stabilisation of nucleus on the surfaces of the 
3D nanotemplates having pore diameter in range of protein hydrodynamic diameter.  The results 
obtained here are also contextualised with two step nucleation theory.  Additionally, this is the only 
known experimental study to report the successful crystallisation of Concanavalin A and HSA on 
porous substrates. The success can be attributed to a specific surface pore size suitable inducing 
nucleation.    
 
The findings of this study propose a systematic method for the crystallisation of proteins with known 
hydrodynamic properties reducing the screening efforts required for crystallisation.  Furthermore, a 
relationship between the nucleant pore diameter and protein hydrodynamic properties developed in 
this study can be used to design surfaces for the selective crystallisation of a protein from a protein 
mixture or impure protein solutions. 
 
 
  
- 166 - 
 
 
8.0  Crystallisation of Proteins at Lower Supersaturation using 
Novel 3D Nanotemplates 
 
8.1 Introduction 
 
The effect of heterogeneous nucleants on lowering the change in free energy required for 
crystallisation is a well known phenomenon.  In this chapter, a combined effect of surface porosity 
and surface functional end groups of the nucleant is investigated.   Proteins were crystallised at 
concentration levels usually obtained from the bioreactors.  This chapter provides a comparison of the 
3D nanotemplate-based approach with previous heterogeneous nucleant approaches used to obtain 
crystals at lower protein concentration.  A rational for the effect of the 3D nanotemplate surface 
properties on the crystallisation of the protein systems under investigation at very low protein 
concentration/ supersaturation and the importance of crystallisation at such low protein concentration 
is presented in this chapter. 
 
8.2 Background 
 
Semi-random approaches relying on experience of a crystallographer/ a crystal grower requires at 
least 1mL of proteins without any guarantee of success.  The preparation of proteins via a 
recombinant route is a cost intensive and difficult method.  Furthermore, the protein concentration 
obtained from the cell lines are relatively low and require additional concentration steps before it can 
be crystallised.   
 
The change in free energy barrier required for obtaining nucleation is lower on surfaces of 
heterogeneous nucleants compared to homogeneous nucleation from solution. Furthermore, from a 
practical perspective, nucleation is controlled by providing readymade nuclei (heterogeneous 
nucleants, small seed crystals) in metastable zone which results in a limited number of nuclei at lower 
supersaturation as explained in Chapter 3 of the thesis.   Considering theoretical and practical 
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explanations, many different surfaces ranging from crystalline minerals, mica, polymeric membranes, 
cross linked polymers with different cross linking agents to porous glasses and mesoporous bioglass 
were used to induce nucleation and crystallisation of proteins at lower concentration compared to 
control glass coverslips [23, 24, 28-30, 91].   However, results of previous studies have demonstrated 
a contribution either from surface chemistry or surface topography and / or epitaxy of the surface in 
heterogeneous nucleation.  
 
All studies reported have focused on the effect of surface porosity or surface chemistry in isolation.  
No systematic study reporting combined effect of tuned surface porosity with narrow pore size 
distribution and surface functional end groups on crystallisation of protein at lower concentrations can 
be located in the width and breadth of the existing literature.  This study seeks to develop a systematic 
approach exploiting the relationship between nucleant surface properties and protein physicochemical 
properties for obtaining protein crystals within the protein concentration ranges obtained from the 
bioreactors avoiding any additional concentrations stages [333, 334]. 
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8.3 Results 
 
In the present work, surfaces with controlled pore diameter, narrow pore size distribution and 
controlled surface chemistry have been prepared and deployed to study the crystallisation of five 
extensively reported model protein systems on these surfaces.  Preparation and characterisation details 
of the 3D nanotemplates used in this study, Type-I (3.5±1.0nm), Type-II (5.5±1.5nm) and Type-III 
(11.0±3.0nm) are detailed in Chapter 5 of the thesis.  The surfaces prepared with narrow pore size 
distributions were modified with dodecyl, amino, trifluoro, phenyl and chloro functional groups; 
details of which can be found from Chapter 5.  The characterisation details, i.e. BJH pore size 
distribution, transmission electron micrographs, contact angle data and X-ray photoelectron spectrums 
of the 3D nanotemplates are detailed in Chapter 5 of the thesis.  Surface charges of the 3D 
nanotemplates functionalised with different functional end groups were also measured via ξ-potential 
measurements.  The measurements were obtained in analytical grade de-ionised water at the 
respective crystallisation temperature and for the surface charge of functionalised surfaces with 
hydroxyl, amine and dodecyl functional groups  resulting in crystallisation of lysozyme, thaumatin, 
HSA, catalase and concanavalin A at lower protein concentration is reported in Table 8.1.  
Table 8.1 ξ-potential measurements of 3D nanotemplate surfaces modified with dodecyl, amine and 
hydroxyl functional groups. 
3D nanotemplate 
Type 
Surface functional 
end groups 
ξ-potential (mV) 
Type I - Dodecyl -3.8±0.4 
- Amine 45.0±1.8 
- Hydroxyl -44.3±2.6 
Type-II - Dodecyl -4.7±1.3 
- Amine 44.9±1.8 
- Hydroxyl -35.8±3.7 
Type-III - Dodecyl -3.3±0.8 
- Amine 44.5±1.7 
- Hydroxyl -36.4±3.3 
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Concanavalin A, catalase, thaumatin, lysozyme and human serum albumin (HSA) are model proteins 
which have been extensively studied for crystallisation, structure determination and method 
development related studies and are selected for the current work.  Crystallisation trials were carried 
out using a hanging drop vapour diffusion method, details of which including crystallisation 
conditions for each protein system selected are provided in Chapter 5.  The protein concentration in 
the droplet was reduced step by step until no crystals were observed on the template surfaces for a 
period of two weeks. 
Table 8.2 summaries the crystallisation results obtained in this study.  Details of the results obtained 
with different protein systems under investigation are summarised as follows.   
8.3.1  Lysozyme 
Crystals of lysozyme are obtained on templates with a 3.5±1.0nm pore diameter with both hydroxyl as 
well as dodecyl functional groups at a protein concentration as low as 2.5mg/mL.   While lysozyme 
has been extensively reported for crystallisation method development studies, crystals  in this study 
were obtained at protein concentration ½ the concentration as reported in the literature using 
heterogeneous nucleants at similar crystallisation conditions (i.e. salt concentration, buffer, 
crystallisation pH and temperature) [29].   
8.3.2 Thaumatin 
Thaumatin crystals were initially obtained on templates with a pore diameter of 3.5±1.0nm at a 
protein concentration of 11.0mg/mL.  Reducing protein concentration down to 4.0mg/mL resulted in 
crystal formation on surfaces with a 3.5±1.0nm pore diameter and different functional end groups, 
although the crystal density and sizes varied for different surfaces.   
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Table 8.2 Comparison of results obtained in this study with lowest protein concentration reported in the literature for obtaining protein crystals as a result of 
either nucleant surface porosity or surface chemistry under similar crystallisation conditions.  
Protein 
 
Protein 
concentration 
(current study) 
(mg/mL) 
 
Pore diameter 
and surface 
functional end 
groups 
Protein 
concentration 
(nucleants with 
disordered surface 
porosity) 
(mg/mL) 
Type of 
disordered-
porous 
surfaces used 
Protein 
concentration 
(nucleants with 
functionalised 
surface 
chemistry) 
(mg/mL) 
Type of surfaces and 
surface functional 
end groups used 
Relative low 
protein 
concentration 
required for 
crystallisation 
1 2 3 4 5 6 7 8 
Lysozyme  2.5 3.5±1.0nm; -
OH 
15.0 [25] porous silicon  
(2-10nm) 
5.0 [29] mica surfaces 
modified with -NH2 
functional end group 
50% 
Thaumatin  2.0 3.5±1.0nm; -
OH 
16.0 [25] porous silicon  
(2-10nm) 
2.0 [30]* mica surfaces 
modified with -NH2 
functional end group 
equal* 
HSA  20.0 5.5±1.5nm; -
OH 
no data available no data 
available 
255.0 [69] silicate  92% 
Con A  1.5 11.0±3.0nm; -
CH3 
no data available no data 
available 
5.0 [29]* mica surfaces 
modified with -NH2 
functional end group / 
sulfonated polystyrene  
70% 
Catalase  5.0 11.0±3.0nm;        
-NH2 
11.5 [25] porous silicon  
(2-10nm) 
no comparable 
data available** 
no comparable data 
available** 
54% 
 
(Data in columns 4 and column 6 are the lowest concentration of proteins reported in the literature, at which the crystals appeared on the relevant nucleant 
surfaces)  
*   Crystallisation was carried out at higher precipitant concentration as compared to the same used in this study (For thaumatin the precipitant concentration 
used is 3 times higher (1M sodium-potassium tartrate), whereas for concanavalin A the same is 1.5 times higher (1.5M ammonium sulphate).   
** No comparable data available under similar crystallisation conditions.  Data only available in varying crystallisation conditions with different buffers and 
precipitants.  
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Further reductions in protein concentration to 2.0mg/mL resulted in crystals only forming on 3D 
nanotemplates with a 3.5±1.0nm pore diameter with hydroxyl functional groups. These crystals have 
formed at concentrations at par with the lowest protein concentration reported in the literature. 
However, the literature reported crystallisation was with precipitant 1M sodium potassium tartrate, 
which is  3 times higher precipitant concentration than the same reported in the current study (0.34M 
sodium potassium tartrate) [30].  The experiments were repeated at the precipitant concentration 
reported by Tosi et al. to confirm that the protein concentration can further be reduced at higher 
precipitant concentration. Using precipitant concentration at par the report by Tosi et al., thaumatin 
crystals were obtained at a protein concentration 1.5 mg/mL within 36 hours on the surfaces of 3D 
nanotemplate with a pore diameter of 3.5±1.0nm and surface modified with hydroxyl end groups, 
whereas droplet remained clear on the other surfaces at the same time.  Figure 8.2 shows the 
micrograph obtained after 72 hours of incubation time.  This phenomenon can be explained by the 
typical phase diagram of crystallisation, in which the protein concentration is a function of precipitant 
concentration keeping all other crystallisation parameters constant.   
 
8.3.3 Human Serum Albumin 
 
Human serum albumin (HSA) was crystallised at an initial protein concentration of 100.0mg/mL.  
The crystals were observed on templates with a 5.5±1.5nm pore diameter and hydroxyl surface end 
groups.  Following a step by step reduction in protein concentration, the lowest protein concentration 
at which the crystals were obtained is 20.0mg/mL on a surface with a 5.5±1.5nm pore diameter and 
hydroxyl surface groups.  The protein concentration at which crystals obtained in this study are an 
order of magnitude lower than the same reported by Takehara et al. reporting crystallisation of HSA 
at lower concentration on layered silicates nucleant [69].   
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8.3.4 Concanavalin A 
Concanavalin A was initially crystallised on surfaces with a pore diameter of 11.0±3.0nm only at 
protein concentration 17.5mg/mL.  Following a systematic reduction in protein concentration, down 
to 2.0mg/mL, crystals were only observed on 3D nanotemplate with a specific pore diameter of 
11.0±3.0nm and functionalised with a range of different surface end groups.  No crystals were 
observed at the same time on 3D nanotemplates with any other pore diameter as well as on the control 
non-porous glass surface.  At a protein concentration of 5.0mg/mL uncontrolled crystallisation was 
observed on some functionalised porous surfaces while well faceted individual crystals were only 
observed on surfaces with a 11.0±3.0nm pore diameter.  Further reduction in protein concentration to 
1.5mg/mL resulted in crystals formation on the surfaces with a pore diameter of 11.0±3.0nm and 
functionalised with dodecyl functional group only.  Indeed, at 1.5mg/mL, no crystals were observed 
within 15days on surfaces other than those having a pore diameter of 11.0±3.0nm with a dodecyl 
function end-groups.   
 
8.3.5 Catalase 
 
Surfaces with a specific 11.0±3.0nm pore diameter and surfaces with different functional end groups 
resulted in protein crystals of catalase at an initial protein concentration of 6.0mg/mL.  The crystals 
size, density and habit vary for the surfaces with a pore diameter of 11.0±3.0nm and functionalised 
with different surface end groups. A further reduction in protein concentration to 5.0mg/mL resulted 
in crystal formation only on the surfaces with 11.0±3.0nm pore diameter and amino functional end 
groups.   
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Table 8.3 Comparison of results obtained in this study with induction times reported in literature for 
crystallisation of proteins under influence of either nucleant surface porosity or surface chemistry at 
lowest reported protein concentration under similar crystallisation conditions. 
 Protein Time elapsed for observation of 
first crystals 
on 3D Nanotemplates 
Induction time reported in the 
literature  
(lowest protein concentration reported 
for system using either nucleants with 
disordered surface porosity or surface 
chemistry)* 
Lysozyme 72-84 hours 48 hours[29] 
Thaumatin 24-30 hours 18 hours[30] 
HSA 36-48 hours no data available 
Con A 24-36 hours 22 hours[29] 
Catalase 72-84 hours no data available 
*Induction time reported in the studies reporting crystallisation of proteins at lowest protein 
concentration, corresponding to the Table 8.2; column 6 for lysozyme, thaumatin, HSA, concanavalin 
A and Table 3; column 4 for catalase. 
 
All of the crystals obtained on the surfaces of 3D nanotemplates at these very low protein 
concentrations reported here were observed to be individual well faceted crystals.  Figure 8.1 show 
reflective light micrographs of crystals obtained at the lowest concentration on surfaces having 
specific pore diameter and functional end groups.  No aggregation and/or uncontrolled mass 
crystallisation was observed.   The time elapsed for optical observation of first crystals on the 
template surfaces was observed to increase with decreasing protein concentration as reported 
elsewhere in the literature [11].  An analysis of the relative induction time is detailed in Table 8.3.  
Results referred to above were undertaken in a minimum as triplicates. 
   
 Figure 8.1 Crystals of different proteins obtained on surfaces with controlled pore diameter and 
surface functional end groups. (a) 
and –OH functional end group
with pore diameter 5.5±1.5nm and 
A on surfaces with pore diameter 11.0±3.0nm and 
and (d) catalase on surfaces with pore diameter 11.
(scale bar 200µm). 
 
Figure 8.2 Thaumatin crystals on surface with pore diameter 3.5±1.0nm and 
group with protein concentration 
potassium tartrate (image taken after 
(a) 
(c) 
- 174 - 
 
 
thaumatin crystals on surface with pore diameter 3.5±1.0nm 
 (scale bar 200µm) (b) human serum albumin crystals on surface 
–OH functional end group (scale bar 150µm
–CH3 functional end group 
0±3.0nm and –NH2 functional end 
 
 
–
1.5mg/mL and precipitant concentration 1.0M 
72 hours) (scale bar 200µm). 
(b) 
(d) 
 
 
) (c) concanavalin 
(scale bar 200µm) 
group 
OH functional end 
sodium 
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Control experiments were also performed using the non-porous glass surfaces functionalised with 
hydroxyl, dodecyl, methyl, amino and phenyl as nucleant. Such control experiments highlighted that 
the results obtained in this study are results of the combined effect of tuned surface porosity and 
surface functional end groups and not the surface functional groups only  [89]. 
Table 8.4 Comparative analysis of the Protein Source used in the present study and the same used in 
the study referred in Column 4 and Column 6 of Table 8.2. 
 Protein Current study – 3D 
nanotemplates 
Compared with literature 
reports (Porous)  
(Column 4) 
Compared with literature 
reports (non-porous – 
surface functionalised) 
 (Column 6) 
Purchased From 
(Product Code) 
Purity* Purchased From 
(Product Code) 
Purity* Purchased From 
(Product Code) 
Purity* 
Lysozyme  Sigma Aldrich 
(L6876) 
≥90% Sigma Aldrich  
(L6876) 
≥90% Sigma Aldrich 
(L7638) 
≥90% 
Thaumatin  Sigma Aldrich 
(T7638) 
No data 
available 
Sigma Aldrich 
(T7638) 
No data 
available 
Sigma Aldrich 
(T7638) 
No data 
available 
HSA  Sigma Aldrich 
(A1653) 
≥96% Not Crystallised before Sigma Aldrich 
(A3782) 
≥99% 
Con A  Sigma Aldrich 
(C2010) 
Highly 
Purified 
Not Crystallised before Sigma Aldrich 
(C7275) 
Highly 
Purified 
Catalase  Sigma Aldrich 
(C9322) 
Highly 
Purified 
Sigma Aldrich 
(C9322) 
Highly 
Purified 
No Comparable Data 
available 
*Purity data is obtained from the Sigma Aldrich Co., Dorset, UK  
 
Further, to clarify that finding of this study are not an outcome of variation in source or purity of the 
protein used in the current study with the same used in literature reporting crystallisation at lower 
protein concentration is provided in Table 8.4.  It is evident from the Table 8.4 that the protein source 
used for lysozyme, thaumatin and catalase in this study was the same used in previous studies.  In 
case of human serum albumin the source used in the present work was of less pure than the one used 
in a previous study.  For concanavalin A, two different products from Sigma Aldrich Ltd. were used 
in the current study and the previous study reporting crystallisation at lower protein concentration.  
Both these proteins were described as high purity materials by the supplier. 
- 176 - 
 
 
8.4 Discussion 
 
8.4.1 Comparison of Nucleants Employed 
 
This chapter compares the 3D nanotemplates with heterogeneous nucleants used in the literature for 
obtaining protein crystals at lower protein concentration. A direct comparison of 3D nanotemplates 
used in study with previous studies is not possible as all previous studies have reported either the 
effect of nucleant surface porosity with wide pore size distribution or nucleant surface chemistry. A 
comparison of 3D nanotemplates employed in this study with previously used heterogeneous 
nucleants can be classified in two different attributes, (A) nucleant porosity and (B) nucleant surface 
chemistry/ surface end groups.   
 
Nucleant surface porosity 
Previous studies reporting crystallisation of proteins have used nucleant with (i) disordered porosity 
and (ii) wide pore size distribution (i.e. pore diameter 2-10nm) and (iii) with no (or limited) 
characterisation of surfaces [25-27, 47]. 
 
Main attribute of the 3D nanotemplates used in this study make it different from all other porous 
heterogeneous nucleants previously used for protein crystallisation is as follows 
1. The surfaces prepared in this study were of a specifically tuned pore diameter, narrow pore 
size distribution and adequately characterised by quantitative and qualitative characterisation 
techniques. 
 
Nucleant surface chemistry/ surface functional end groups 
Differing from the previous nucleants reporting effect of surface chemistry on protein crystallisation, 
the surface of the 3D nanotemplate was modified with a range of different functional end groups to 
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introduce hydrophobicity/hydrophilicity gradients as well as surface specific interactions with target 
protein molecule.  The surface functional end groups were quantified with the XPS and 
hydrophobicity and hydrophilicity of the surface was tested by static water contact angle 
measurements.  The surface charge of the 3D nanotemplates was also measured using ξ-potential 
experiments.  Results of the surface characterisation are discussed in Chapter 6 of the thesis. 
 
There is a small overlap in surface chemistry literature reports and the current work. Tosi et al. 
utilised different nonporous surfaces functionalised with two different functional end groups, i.e. 
amino and sulfonated groups, for protein crystallisation. The amino functionalised mica or sulfonated 
polystyrene films are reported to promote crystallisation of proteins at lower solute concentration 
[30]. In the current work, amino functionalised porous silica surfaces were used, which resulted in 
crystallisation of catalase at the lowest reported protein concentration. In addition, the current study 
reports on the effects of other functional groups, in particular the influence of dodecyl and hydroxyl 
functional end group in inducing crystallisation of concanavalin A, lysozyme, thaumatin and human 
serum albumin respectively at lower concentration. 
 
8.4.2 Protein Crystallisation 
 
Surface specific crystallisation of protein molecules is evident from the results reported here.  The 
crystal from protein molecules with a lower molecular weight and positive surface charge, i.e. 
lysozyme (14kDa) and thaumatin (22kDa), were obtained at the hereto lowest reported concentration 
on the surfaces having pore diameter in the range of 3.5±1.0nm and hydroxyl functional end groups, 
which has a negative surface charge.  Human Serum Albumin has a moderate molecular weight 
(67kDa) and was observed to crystallise at the lowest concentration on a surfaces with pore diameter 
of 5.5±1.5nm and hydroxyl functional groups.  Crystal of protein molecules with a larger molecular 
weight (concanavalin A (106kDa) and catalase (232kDa)) were obtained on the surfaces of a pore 
diameter of 11.0±3.0nm.  Furthermore, considering a likely electrostatic charge behaviour of the 
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proteins and 3D Nanotemplates with specific surface functional end groups, (i.e. hydroxyl, amino, 
dodecyl), it is suggested that a strong attractive local interaction between the protein molecules and 
3D nanotemplate surface resulted in the crystallisation at lowest reported concentration.  The details 
of protein hydrodynamic diameter and surface charge as well as 3D nanotemplate pore diameter and 
surface charge is described in Table 8.5. 
 
Table 8.2 reports the comparison of results obtained in the present work with the referred literature.  
It also describes the type of nucleants used in the referred literature to explain the effect of either 
surface porosity or surface chemistry to obtain crystallisation at lower concentration, which provides 
concise comparison of results obtained in current study with the results reported in the literature.  
 
8.4.2.1 Effect of Heterogeneous Nucleant on Crystallisation at Lower Supersaturation  
 
The results obtained in this study for the crystallisation of proteins at lower concentration can be 
explained using the phase diagram for any typical protein crystallisation using vapour diffusion 
crystallisation experiment with and without heterogeneous nucleant.  Figure 8.3 depicts a schematic 
representation of a typical phase diagram.  The presence of the heterogeneous nucleant shrinks the 
width of the metastable zone and results in nucleation at lower supersaturation as compared to the 
homogeneous nucleation.  However, the rate of achievement of supersaturation is very important to 
determine the width of the metastable zone.  Hence, the density, size and quality of crystals not only 
depend on supersaturation at which nucleation occurs but also on the rate of achieving 
supersaturation.  Keeping all other conditions same (e.g. volume of precipitant in the well, type of 
coverslips, high vacuum grease, proper sealing of the well) and assuming that rate of achieving 
supersaturation is the same, provide rational way to evaluating effect of nucleant used on the 
induction time (observation of first crystals on the surface) using phase diagram as a function of 
protein crystallisation.   At high protein concentrations, the nucleation follows path A1 in the Figure 
8.3 and follows mainly homogeneous nucleation.  In such case, no difference in nucleation behaviour 
with and without heterogeneous nucleant surfaces can be observed.  In this study, metastable 
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conditions reported in the literature were used as starting crystallisation conditions which avoided 
path A1 in Figure 8.3.   At the starting crystallisation conditions, the protein concentration used in 
this study, time of observation of first crystal on the surface of 3D nanotemplate with appropriate pore 
diameter is found to be shorter than that on reference surface or surface of any other porous 
heterogeneous nucleants reported in the literature.  This suggest following path A2 in the phase 
diagram.  In the case of further lowering protein concentration from the same used in experiments, 
which followed path A2, the waiting time for observation of first crystal is longer than the 
experimental time and the protein crystals were only observed on the surfaces of 3D nanotemplate 
with appropriate pore diameter and surface functional end groups following line A3 in the schematics 
of phase diagram.  The details of the mechanism proposed for combined effect of surface porosity and 
surface chemistry on crystallisation of biological macromolecules is described in the next section of 
this chapter. 
 
Recently Tosi et al. experimentally demonstrated, heterogeneous nucleation is not at higher levels of 
protein concentration/ supersaturation [87].  Based on experimental results obtained here, we confirm 
the previous stated view that the homogeneous nucleation mechanism may dominate at higher degrees 
of supersaturation whereas at lower degrees of supersaturation heterogeneous nucleation is prevalent.   
Different mechanisms have been proposed for the role of either surface porosity or surface chemistry 
on nuclei formation; although none of these mechanisms takes into account the combined effect of 
surface porosity and surface chemistry described here [24, 26, 30, 71]   
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Figure 8.3 Schematic representation of phase diagram for a vapour diffusion protein crystallisation 
experiment [87]. 
 
 
8.4.2.2 Effect of Nucleant Surface Properties on Protein Crystallisation 
 
The crystallisation of proteins reported here at low supersaturation can be attributed to the combined 
influence of specific surface chemistry and surface porosity at nano-meter length scale which can 
more logically be explained using recently proposed two step nucleation mechanism [330].  
According to the two step mechanism, a transformation from a completely disordered liquid phase to 
a highly ordered crystal/ solid phase is proposed via a high dense amorphous liquid phase.  Vekilov et 
al. argued, the energetically more favourable pathway to the phase transition follows two ordered 
parameters, namely concentration and structure fluctuation.  The sequential pathway corresponds to 
the formation of a high dense liquid phase formation which has significantly higher concentration of 
solute/ protein molecules as compared to the bulk liquid.  In order to nucleate the stable high dense 
liquid phase it is essential to cross the free energy barrier required. Once this stable high dense liquid 
phase is formed, the crystals nucleate following a structural transformation.[19, 35]   
 
A1 
A2 
A3 
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Table 8.5  Relation between surface porosity, surface charge of 3D Nanotemplates, which resulted in 
crystallisation at lowest concentration, protein hydrodynamic diameter and surface charge.  
 
Protein Hydrodynamic 
diameter 
(nm) 
protein charge in 
crystallisation 
condition 
3D Nanotemplate 
surface porosity 
(range of pore 
diameter) & 
functional end 
groups 
3D 
Nanotemplate – 
surface charge 
Lysozyme  3.2 + ve [30] 3.5±1.0nm;  
-OH 
- ve 
Thaumatin  3.5 + ve [30] 3.5±1.0nm;  
-OH 
- ve 
HSA  5.4 neutral or very 
weak – ve [335] 
5.5±1.5nm;  
-OH 
- ve 
Con  A  8.6 neutral or very 
weak + ve [30] 
11.0±3.0nm;  
 -CH3 
very weak -ve 
Catalase  9.3  - ve [336] 11.0±3.0nm;  
-NH2 
+ ve 
 
 Intermolecular interactions between the solvated proteins and the surfaces of the 3D nanotemplates 
(including specific electrostatic attraction between protein species and 3D nanotemplate surface 
functional end groups) are a function of relative surface charges of the functionalised 3D 
nanotemplate surfaces and the proteins. As per the data shown in Table 8.5, these surface interactions 
results in attraction between protein and surface of 3D nanotemplate and lower the  free energy barrier 
necessary  for the formation of intermediate amorphous high dense phase from completely disordered 
liquid phase.  This high dense liquid phase, which has a substantially high protein concentration is 
argued to be formed in proximity of the surface and further stabilised considering electrostatic 
attractions between protein/ solute and surface of 3D nanotemplate [337-339]. 
 
Once the high dense liquid phase is formed, the next step is the formation of an ordered solid phase 
from it [330, 337].   The concentration of proteins in this high density phase is significantly higher 
than in the bulk liquid.  Considering the critical nuclei size as an inverse function of degree of 
supersaturation, at such high protein concentrations the critical nucleus size can be minimum, 
although it becomes extremely important to control the process of  nucleus formation [33].  The 
specifically engineered porosity of the 3D Nanotemplate deployed here plays an important role in 
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stabilising the nuclei within the mesopores by local immobilisation of protein molecules. If pores 
available are comparable to the dimensions of the specific protein of interest, then the protein diffuses 
into the mesopores.  Local immobilisation the promotes the formation of nuclei by substantially 
lowering the free energy barrier (As detailed in Chapter 7).   Once the nucleus is formed, functional 
groups on the surface may stabilise the already formed nuclei by interacting with a specific crystal 
face [337].  Due to non uniform distribution of the functional end-groups characterised using XPS 
analysis, it is assumed that this random distribution of functional groups offers many different 
potential patterns of interaction with the crystal nuclei.  Table 8.5 summarises details of 
hydrodynamic diameter and surfaces charges of the protein systems under investigation as well as 
pore diameters and surface charges of the 3D nanotemplates employed. This strongly agrees with the 
mechanism proposed herewith.  Figure 8.4 shows a schematic representation of the crystallisation 
mechanism proposed herein above. 
 
 
 
 
Figure 8.4 Schematic representation of the mechanism proposed for crystallisation of proteins at 
lower concentration using the combined effect of surface porosity and surface functional end groups. 
 
  
Functionalised Surface 
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8.5 Conclusion 
 
By experimental evidences, it has been demonstrated that the novel 3D nanotemplates (with tuned 
specific surface porosity and surface chemistry) have the ability to induce nucleation at up to an order 
of magnitude lower critical protein concentrations.  Crystallisation of five model proteins systems 
varying in molecular weight, hydrodynamic diameter, number of monomer units and protein charge 
are reported at a hereto lowest protein or precipitant concentration by employing the novel 3D 
nanotemplates. Crystals of four protein systems under investigation were obtained at 50-92% lower 
concentration than the previously reported lowest protein concentrations.  Thaumatin was crystallised 
at the protein concentration equal to the same reported in the literature. However, the precipitant 
concentration used in the literature was three times higher compared to current study.  More 
importantly, due to the influence of the combined effects of surface chemistry and porosity, individual 
crystals of concanavalin A were obtained at three times less than previous concentrations reported, 
whereas crystals of human serum albumin were obtained at an order of magnitude lower protein 
concentration at the same conditions.  Crystals of all five systems under investigations were obtained 
in the concentration range typically obtained from the bioreactors, (2-20mg/mL) avoiding any 
additional concentration steps required.   
In summary and for the first time, a systematic approach based on the understanding of the 
relationship between protein hydrodynamic diameter and protein surface charge with nucleant surface 
pore diameter and surface charge is proposed.  This can be used to engineer surfaces for 
crystallisation of proteins with known physicochemical properties at concentration ranges typically 
obtained from the bioreactors.  
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Chapter 9.0  Protein Crystallisation as a Tool for Protein 
Purification 
 
9.1 Introduction 
 
Approximately >90% of the current methods for protein purification relies on chromatographic 
purification methods.  Chromatographic separation methods result in highly purified 
biopharmaceutical products. However, the cost of purification is high and contributes to as much as 
80% of overall production cost [340].  Crystallisation is proposed as an alternative to chromatographic 
separations; however a poor current state of knowledge on the process of protein crystallisation limits 
its applicability.  This chapter focuses on the application of 3D nanotemplate surfaces prepared for the 
targeted crystallisation of a protein from a protein mixture utilising the relationship proposed between 
protein hydrodynamic diameter and nucleant pore diameter.  Two different model protein systems 
with distinct hydrodynamic properties in the crystallisation solution were used to evaluate the 
applicability of the approach which was further validated with preferential crystallisation of enzymes. 
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9.2 Background 
 
The rise of molecular biology in the past three decades has enabled both drug discovery and 
development, improved understanding of disease pathogenesis on a molecular level and within their 
respective biological systems. From this and the success of the Human Genome Project, the 
development of biopharmaceuticals has accelerated in the past decade and protein-based therapeutics 
are rapidly entering the market.  On the other hand demand for proteins, especially enzymes, is 
growing in different industrial sectors including biochemical, consumer goods and food processing 
[341].  Upstream processing of proteins with high value and availability from natural resources relies 
on recombinant methods and can be prepared at considerably higher concentration compared to the 
natural resources.  Upstream processing using a recombinant route is relatively well developed and 
industrially applied; most appropriate example of this success is recombinant insulin, which is widely 
used for therapeutic applications [342].  The proteins prepared generally needs purification before 
applications.   
 
In contrast to the majority of small molecule pharmaceuticals, the purification of therapeutic proteins 
relies on high cost, low-throughput chromatographic methods which are one of the main factors 
responsible for the high cost of biopharmaceutical products and one of the major bottlenecks in 
providing an improved biopharmaceutical healthcare [343].  Although macromolecular separation is 
dominated by packed bed chromatography, its limitations have surge for alternative low cost 
separation methods.   Chromatographic techniques can be justified for therapeutic proteins where 
purity is the unquestionable need.  In case of non-therapeutic or therapeutic proteins require high 
volume purification, the cost factor of the process is pushing development for alternative techniques 
[343]. 
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Crystallisation is considered to be a potential alternative for purification.  Crystallisation of biological 
macromolecules continues to evolve from a large empirical technique [1].  High throughput screening 
systems with robotic liquid handling and in-situ analysis techniques are being developed enabling 
rapid screening or broad ranges of condition [344].  The industrial scale development of the products 
ranging from enzymes like glucose-isomerase to approved biopharmaceuticals like insulin have 
demonstrated the capabilities of crystallisation as a cost effective alternative method.  Figure 9.1 
provides qualitative details of alternative techniques available for protein purification, its relative 
maturity and resolution potential.   
 
 
Figure 9.1 Alternative techniques for purification of biological macromolecules in terms of relative 
resolution potential and industrial maturity as compared to the packed bed chromatography. 
(MLFTPP: macro-affinity ligand-facilitated three-phase partitioning, TPP: three-phase partitioning, 
ATPE: aqueous two-phase extraction, HPTFF: high-performance tangential flow filtration) [343]. 
 
Crystallisation of proteins from protein mixtures or impure protein solutions are reported in the 
literature using difference in protein-protein interaction under varying solution conditions [190] as 
well as empirical screening followed by spars matrix optimisation methods to identify suitable 
crystallisation conditions [340, 341, 345].  Furthermore, crystallisation of ovalbumin from frozen egg 
white has been reported using the industrial crystallisers at a 10kg scale [346]. However, few reports 
of protein crystallisation from protein mixtures as well as fermentation broths have been reported 
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[347], no systematic crystallisation method is proposed.  However intense multidisciplinary efforts are 
involved to develop understanding on protein crystallisation.   
 
As a result of the empirical nature and poor reliability, in contrast to the small molecular 
pharmaceutical products, only about ∼0.2% of biopharmaceutical products developed are 
administered in crystalline form.  This highlights the acute need for developing understanding of the 
crystallisation process of biological macromolecules.  Nucleation, which is the first stage of formation 
of crystal and is reported to govern not only the quality of crystals obtained, as required for structure 
determination but also size, shape and polymorphic form, which is key from an industrial point of 
view [21].   
 
In most practical circumstances both in the laboratory and on larger scales, crystallisation starts with 
heterogeneous nucleation on foreign surfaces and hetero-nuclei are reported to be effective in 
inducing and controlling crystallisation [11].  To the best of our knowledge, all reports using 
heterogeneous nucleants are exclusively considering the issue of crystallisation and nucleation-
enhancing surfaces from the perspective of structural determination and focusing on developing 
‘universal nucleants’ [9]. If we consider crystallisation as an alternative for purification, the concept 
of ‘universal nucleant’ is not feasible as with this mechanism, it is not possible to crystallise target 
molecules from a protein mixture.   Hence, this study seeks to utilise the relationship established 
between hydrodynamic diameter of protein molecules in crystallisation condition and surface porosity 
to crystallise target proteins from a protein mixture.   
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9.3 Results and Discussion 
 
9.3.1 Role of 3D Nanotemplates in Preferential Crystallisation from Protein Mixtures 
 
Thaumatin and Catalase were selected as model proteins as they have a distinct radius of gyration 
[202, 270].    The detailed crystallisation method and materials are described in Chapter 5 of the 
thesis.  The crystallisation conditions including buffer and salt solutions used in this experiment are 
also described in Chapter 5.   
 
In a typical experiment, Thaumatin was selected as target protein molecule and the protein mixture 
was prepared in the crystallisation solution of thaumatin.  Crystallisation was carried out on surfaces 
with pore diameter 3.5±1.0nm, 11.0±3.0nm and nonporous bare glass cover slip which were 
considered as the control surface.   
 
Bi-pyramidal thaumatin crystals appeared on surfaces with a pore diameter of 3.5±1.0nm within 24 
hours, whereas controls as well as surfaces with other pore diameter did not resulted in any crystals 
over 15 days of experimental time.  Thaumatin crystals obtained on the surface with a pore diameter 
of 3.5±1.0nm are shown in Figure 9.2(a).  The crystals obtained in this experiment were also 
analysed using single crystal X-ray diffraction study to verify the crystal structure.  Thaumatin 
crystals diffracted with resolution in the range of 2.1-2.4 Å; crystal space group and symmetry 
indentified is P41212 and tetragonal respectively, which is analogous with the thaumatin crystal 
structure reported in various literature [214, 348]. 
 
The crystallisation was carried out on similar surfaces (3.5±1.0nm and 11.0±3.0nm) as used in first 
experiment, however in this experiment crystallisation conditions of catalase were used as solution 
conditions.  Catalase crystals were observed on surfaces with a pore diameter of 11.0±3.0nm within 
36 hours. No crystals were observed on 3D nanotemplates with other pore diameters as well as glass 
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surface within 15 days of experimental time. See Figure 9.2(b) for catalase crystals obtained on 
surface with 11.0±3.0nm pore diameter.  
 
  
 
Figure 9.2  Crystallisation of target protein molecule from mixture of proteins  as well as impure 
protein solution on surfaces prepared with tuned pore diameter (a)  bi-pyramidal thaumatin crystals 
obtained on nucleant surface with pore diameter 3.5±1.0nm from thaumatin-catalase protein mixture 
prepared in thaumatin crystallisation solution (b) catalase crystals obtained on nucleant surface with 
pore diameter 11.0±3.0nm from thaumatin-catalase protein mixture prepared in catalase 
crystallisation solution (Scale bar 200µm). 
 
In this experiment, the crystallisation mixture was prepared from the proteins obtained from two 
different sources, i.e. thaumatin from Thaumatococcus daniellii and catalase from bovine liver as well 
as crystallisation conditions for both of these proteins are different.  To avoid the argument regarding 
the crystallisation of a specific protein from the mixture being dominated by the solution conditions 
rather than effect of surface porosity, two different enzymes were selected as model compound which 
are obtained from the same source and crystallise under identical conditions.  Furthermore, to verify 
the applicability of the approach for crystallisation of protein from less pure protein, one of the model 
enzyme selected was of crude purity, which is a mixture of other enzymes of the same type. 
 
Pancreatic lipase, which is an enzyme found in pancreatic juices responsible for catalysing the 
hydrolysis of triglycerides with a molecular weight of 46.0kDa and pancreatic Ribonuclease (RNAse), 
which is an enzyme that catalyses degradation of RNA, with a molecular weight of 13.7kDa (RNAse 
type A) were selected as model compounds.  Crude (Steapsin) lipase (≥20%, Sigma Aldrich, Dorset, 
UK), which is a mixture of active lipase, amylase and protease and RNAse (≥70%, Sigma Aldrich, 
(a) (b) 
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Dorset, UK) were purchased and used without further purification.  The crystallisation conditions are 
detailed in Table 9.1.  A hanging drop vapour diffusion method used for crystallisation.  3D 
nanotemplates with pore diameter 3.5±1.0nm and 5.5±1.5nm were used as nucleant as well as non-
porous glass slide was used as control surface.  
 
Table 9.1 Conditions under which the proteins are crystallised in the presence of 3D nanotemplate. 
 
Protein Buffer Solution 
(Solvent water) 
Precipitant Solution 
(Solvent Buffer Solution) 
Final Protein 
Concentration 
(mg/mL) 
Lipase 5 mM Tris-HCl  
(pH = 8.1) 
1.8 M Ammonium Sulphate 
10% v/v MPD 
50.0 RNAse 25 mM Sodium Acetate 
Trihydrate, 50% v/v 
glycerol 
 
Furthermore, the protein hydrodynamic diameters were measured under crystallisation conditions 
using Malvern Zeta Sizer Nano S, (Malvern Instruments Limited, Malvern, UK).  The hydrodynamic 
diameter measured for Lipase and RNAse are shown in Figure 9.3.  Hanging drop vapour diffusion 
method used for crystallisation.  Considering the hydrodynamic diameter 3D nanotemplates with pore 
diameter 3.5±1.0nm and 5.5±1.5nm were used as nucleant as well as non-porous glass slide was used 
as control surface. The crystallisation plates were incubated at 20oC. 
 
Figure 9.3  Hydrodynamic diameter of lipase and RNAse. 
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First crystals of RNAse were observed on the surface of 3D nanote
3.5±1.0nm, which is the lowest 3D nanotemplate pore diameter available, after 24 hours of incubation 
time. Lipase was observed to crystallise on the surface of 3D nanotemplates with pore diameter 
5.5±1.5nm after 48 hours of setti
protein on the surface of 3D nanotemplates.  
glass coverslips for the duration of experiment.  The crystals of lipase and RNAse obta
surfaces of 3D nanotemplates are shown in 
 
Figure 9.4 Crystallisation of proteins (a) lipase crystals obtained on the surface of 5.5±1.5nm and (b) 
RNAse crystals obtained on the surface of 3.5±1.0nm (
 
9.3.2 Crystallisation of Proteins from Low Purity Protein Source
nanotemplates 
 
Furthermore the crystallisation of crude lipase 
with a pore diameter of 5.5±1.5nm
proteins from impure protein mixture.
 
3D nanotemplate specific crystallisation of a protein from protein mixture of two different proteins 
from the same source and same crystallisation cond
hydrodynamic diameter ∼1nm was observed to be preferentially crystallised on the surface of 3D 
nanotemplate with a pore diameter 
(a) 
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mplates with pore diameter 
ng up of an experiment, suggesting preferential crystallisation of 
The solution remained clear on the surface of non
Figure 9.4.   
   
Scale bar 150 µm). 
 
 – 
was observed to be on the surface of 3D nanotemplates 
 confirming the ability of 3D nanotemplates in crystallisation of 
 
itions was observed.  
of 3.5±1.0nm, whereas lipase, which is a protein with 
(b) 
-porous 
ined on the 
 
Application of 3D 
A protein with 
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hydrodynamic diameter ∼5nm was observed to be crystallised on the 3D nanotemplate surface with a 
pore diameter of 5.5±1.5nm.  Furthermore, the crystallisation of lipase from an impure source was 
obtained on the surface of 3D nanotemplate with pore diameter 5.5±1.5nm. 
 
The results obtained in this study can be explained using the crystallisation mechanism proposed in 
Chapter 7 of the thesis for the specific crystallisation of proteins on the surfaces of silica based 
material with narrow pore size distribution.  According to the mechanism proposed, proteins have 
attractive/ repulsive interaction with the surface.  Charge behaviour of the proteins of interest in this 
study, lipase and RNAse, has been reported in a recent publication suggesting that both lipase and 
RNAse have positively charged surface [349, 350].  The surface charge of the 3D nanotemplate 
hydroxyl functional group is measured and found to be negative, details of characterisation results is 
reported in Chapter 6 of the thesis.  Considering the opposite charge of the protein and nucleant 
surface, it is postulated that the protein is attracted towards the surface and forms a high density liquid 
phase in the close vicinity of the 3D nanotemplate surface, such high dense liquid phase is rich in 
solute molecule [20].   
 
The high dense liquid phase, which is in equilibrium with the bulk solution, is argued to be metastable 
due to the attractive interaction between the protein molecules and surface functional group.  Within 
the high dense phase supersaturation is sufficiently high so that every molecule in the solution can be 
an embryo of crystalline phase and growth to dimer and larger clusters occurs with a free energy gain 
(Detailed explanation of this phenomenon is provided in Chapter 7 of the thesis) [61].  In such cases, 
the free energy barrier for formation of the crystalline phase from high dense liquid phase is lower 
than the thermal energy of the molecules [64].  In the phase diagram for nucleation of one fluid in 
another fluid, the line at which the thermodynamic nucleation barrier vanishes is known as spinodal 
phase line.  At spinodal phase line the rate of generation of new phase is limited only by the slow 
growth kinetics of ordered clusters from high dense liquid droplets and independent of change in free 
energy  [17].   
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In such case, porous surface plays an important role.  The protein mixture which has constituents 
crystallising from the same crystallisation conditions, surface with narrow pore size distribution is 
argued to play an important role.   
 
 
Figure 9.5 Schematic representation of the preferential crystallisation phenomenon discussed using 
3D nanotemplates. 
 
 
The pore with the diameter equivalent to the hydrodynamic size of target protein stabilises individual 
molecule by limiting the possible structural fluctuations once molecule has entered the pore. Hence, 
play a critical role in controlling structural fluctuations of target molecules and inducing preferential 
nucleation of a protein molecule from protein mixture.  Recent experimental finding by Dey et al. on 
heterogeneous crystallisation of calcium phosphate on organic monolayer strongly agrees with the 
arguments proposed in here [337].  Figure 9.5 schematically explains the role of 3D nanotemplates in 
preferential crystallisation of protein from protein mixture or impure protein solution. 
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ϕ 
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9.4 Conclusion 
 
In this study, we report for the first time specific crystallisation of target protein, i.e. lipase or RNAse, 
from a protein mixture of lipase and RNAse using novel 3D nanotemplates which have specific 
surface porosity and narrow pore size distribution. As a result of the specific surface porosity, crystals 
from less pure protein source can also be obtained.  In summary the application of surfaces with 
controlled pore diameter and narrow pore size distribution has facilitated the preferential 
crystallisation of proteins from a protein mixture.  The results reported in this shows the potential to 
address critical issue of biological macromolecule crystallisation from the perspective of the acutely 
emerging need of low-cost protein purification and bio-separation. 
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Chapter 10.0  Conclusions and Future Work 
 
10.1 Introduction 
 
 
In this chapter, the major finding of this study are summarised and challenges are detailed.  The 
objectives of this thesis were to understand role of surface properties of templates on crystallisation of 
proteins at nanometre length scale with an aim of developing relationship between protein 
physicochemical properties and surface properties of template.  A range of different surfaces with 
controlled pore size, narrow pore size distribution and controlled surface functional end groups, 
known as 3D nanotemplate, were prepared and thoroughly characterised using a range of 
characterisation methods including transmission electron microscopy (TEM) and X-ray photoelectron 
spectroscopy (XPS).  Surfaces prepared were employed for crystallisation of seven different protein 
systems with varying molecular weight and hydrodynamic diameter.  The applicability of the 3D 
nanotemplate with specific surface property in crystallisation of a particular protein was evaluated and 
preferential crystallisation of proteins on the surface of 3D nanotemplates was related to the surface 
properties of the template.  The 3D nanotemplates were also evaluated for application in the 
crystallisation of a target protein molecule from a mixture of proteins as well as impure protein 
sources. 
 
 
10.2   Overall Summary 
 
 
The ability to prepare and tune the surface properties on nucleant surfaces used for protein 
crystallisation is essential to understand and verify the influence of surface properties on 
crystallisation.  A variety of surfaces is used in the literature to examine their effect on crystallisation 
of proteins; however, none of these studies reported preparation/ thorough characterisation of surfaces 
with an ability to tune and alter nucleant surface properties according to the requirement.  
Furthermore, no systematic efforts are reported to investigate a correlation between nucleant and 
protein physicochemical properties important for inducing nucleation.  The aim of this study is to 
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understand the role of nanoscale nucleant surface properties, surface porosity and surface chemistry 
on protein crystallisation. 
 
In an approach to achieving these objectives, a cooperative self assembly approach of surfactant and 
silica was adopted for tuning surface porosity.  The effect of different process parameters on pore size 
and arrangement is also verified providing ability to control pore sizes as per experimental 
requirement.  The surfaces with controlled pore diameter were prepared in the range 3.5±1.0nm as an 
effect of catalyst concentration, whereas pore diameters higher than 4nm were obtained with 
cooperative self assembly of organic surfactants and silica.  The effect of hydrothermal aging, 
different methods for removal of organic templates and the influence of different swelling agents were 
employed to tune the pore diameter of mesoporous silica in the range of 3–22nm.  Five different 
mesoporous silica with pore diameters ranging from 3 to 22 nm and narrow pore size distributions 
were prepared in this study and characterised using N2 sorption-based surface area and pore size 
distribution measurement methods.  The porous surfaces were also characterised with transmission 
electron microscope to qualitatively complement the results obtained with N2 sorption methods.  Post-
synthesis functionalisation of porous surfaces with different primary functional groups was also 
obtained.  Functionalised surfaces prepared were characterised with contact angle measurements to 
verify surface wettability.   X-ray photoelectron spectroscopy was used to confirm the surface 
functional end groups and ζ-potential measurements to obtain surface charge information.   
 
To the best of our knowledge this is the first report which details a methods for the preparation of 
surfaces with pore diameter ranging from 3 to 22nm and narrow pore size distribution, functionalised 
with –OH, -NH2, -Cl, -C6H5, -CF3 and -CH3 functional end groups.  In contrast to all previous reports 
of protein crystallisation using heterogeneous nucleants, the method to prepare surfaces with 
controlled pore diameter and narrow pore size distribution is established in this study.  Moreover for 
thorough characterisation of the surfaces employed for protein crystallisation is reported in this thesis, 
which is not the case in the published literature (Chapter 6).   
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Surfaces prepared with controlled pore diameter and narrow pore size distribution are named 3D 
nanotemplates and used for the crystallisation of seven model protein systems varying in molecular 
weight from 14kDa to 450 kDa, with number of sub-units ranging from one for a simple lower 
molecular weight protein to 24 for a complex high molecular weight protein.  Crystallisation of lower 
hydrodynamic diameter, typically lower than 4nm was found to be crystallising on the surface of 3D 
nanotemplate with pore diameter ranging 3.5±1.0nm, where protein with moderate hydrodynamic 
diameter, human serum albumin was found to be crystallising on the surface of 3D nanotemplate with 
pore diameter range 5.5±1.5nm.  The hydrodynamic diameter of human serum albumin measured 
under crystallisation condition was found to be approximately 5nm.  Crystallisation of proteins with 
hydrodynamic diameter 8-10nm were found to preferentially crystallise on the surface of 3D 
nanotemplate with pore diameter ranging 11.0±3.0nm, whereas ferritin, which is a complex of 24 sub-
units and having hydrodynamic pore diameter in the range of 18 to 20nm was found to be crystallising 
on the 3D nanotemplate with pore diameter ranging in pore size of 22.0±5.0nm. 
 
In contrary to the previous reports, crystallisation of proteins was found to be influenced by the 
nucleant surfaces with narrow pore size distribution.  Preferential crystallisation of proteins, varying 
in molecular weight and hydrodynamic diameter is found to be dependent on 3D nanotemplate pore 
diameter.  A direct correlation between protein hydrodynamic diameter and effective 3D 
nanotemplate pore diameter was revealed.  The preferential crystallisation of proteins is argued to be a 
direct consequence of the local immobilisation of protein molecules within the appropriate pores of 
the templates which is found to be in the range of protein hydrodynamic diameter.  The correlation 
found between protein hydrodynamic diameter and nucleant pore diameter was verified for all seven 
protein systems investigated.  Crystals of concanavalin A, which escaped crystallisation on all other 
porous heterogeneous nucleants and human serum albumin, were obtained on the porous nucleant 
surfaces for the first time; a success of which can be attributed to the availability of pores suitable for 
inducing nucleation. 
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This is the first study that used the surfaces with a narrow pore size distribution to systematically 
study the relation between nucleant pore diameter and protein physicochemical properties which are 
key in the surface specific crystallisation of proteins.  A relationship between the protein 
hydrodynamic diameter and nucleant pore diameter effective for inducing protein nucleation is 
established.   As a direct consequence of the relationship developed, the selection of nucleant surfaces 
for target protein crystallisation can be systematic, significantly lowering the empirical nature of 
current protein crystallisation screening approaches (Chapter 7). 
 
The effect of heterogeneous nucleants in lowering the change in free energy required for 
crystallisation; hence, crystallisation at lower critical supersaturation required for obtaining crystals is 
a well known phenomenon.  In this study, protein crystallisation on the surface of 3D nanotemplates 
with specific pore diameter and functional end groups was studied for obtaining protein crystals at 
lower critical supersaturation.  It has been demonstrated that 3D nanotemplates have the ability to 
significantly lower the critical protein concentrations required to induce nucleation.  Crystallisation of 
four out of seven extensively documented model proteins systems varying in molecular weight and 
protein charge is reported at hereto lowest reported protein concentrations by employing 3D 
nanotemplates. Crystals were obtained at 50-92% lower concentration than the previously reported 
lowest protein concentrations.  More importantly, due to the influence of the combined effects of 
surface chemistry and porosity, individual crystals of concanavalin A were obtained at three times less 
than previous concentrations reported whereas crystals of human serum albumin were obtained at an 
order of magnitude lower protein concentration at the same conditions.  Crystals of all systems under 
investigations were obtained in the concentration range typically obtained from bioreactors.   
 
This study proposes a relationship between protein hydrodynamic diameter and protein surface charge 
with nucleant surface pore diameter and surface charge found to be important in not only inducing 
preferential nucleation of protein but also obtaining crystals at very low supersaturation.  The 
relationship developed can be used to design surfaces for the crystallisation of proteins with known 
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physicochemical properties at concentration ranges typically obtained from upstream bioprocesses 
(Chapter 8).  
 
The applicability of the relationship developed between nucleant pore diameter and protein 
hydrodynamic diameter was also verified for crystallisation of proteins from protein mixture as well 
as proteins with low purity.  To systematically explore the applicability of 3D nanotemplates, protein 
mixture was prepared from the proteins obtained from the same sources as well as known to 
crystallise from the similar crystallisation condition with different hydrodynamic properties.  
Preferential crystallisation of a target protein from a protein mixture using novel 3D nanotemplates 
was observed in this study.  Crystallisation of proteins from a protein mixture using heterogeneous 
nucleant has not been reported in the literature; this is the first report for crystallisation of a target 
protein on the surface of a heterogamous nucleant, developed on the basis of systematic understanding 
between nucleant pore diameter and protein hydrodynamic diameter. Furthermore, as a result of 
specific surface porosity crystals from less pure protein source can also be obtained.   
 
In summary, the relationship established in study between protein hydrodynamic diameter and 3D 
nanotemplate pore diameter is found to be effective in the specific crystallisation of a target protein 
from a protein mixture as well as crystallisation of the target protein from impure/ crude protein 
samples (Chapter 9). 
 
10.3   Future Work 
 
This research has revealed the crucial link between nucleant surface pore diameter and protein 
hydrodynamic diameter in controlling nucleation.  Future work should be focused on the following 
issues: 
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1. While, this study has established crucial understanding on effect of nucleant surface porosity 
and hydrodynamic properties of proteins, it would be very interesting to verify the method 
developed in this study to utilise for crystallisation of proteins not crystallise before. 
 
2. Prima facie evidences of the applicability of the 3D nanotemplate for crystallisation of a 
target protein from protein mixture are also provided. However, the challenge remains in 
crystallising directly from solutions obtained from the broth obtained from the cell lines. 
Application of the relationship developed in this study also needs to be further explored in 
terms of understanding the effect of 3D nanotemplates on crystallisation yield at optimum 
crystallisation process time.  Furthermore, the challenge also remains in scaling up this 
method from micro-litre scale to the litre scale, which may be of more industrial application.  
 
3.  More importantly, the present study provides prima facie evidence of the crystallisation 
mechanism proposed using a heterogeneous surface with narrow pore size distribution more 
detailed quantitative evidence of the mechanism proposed should be obtained.  In addition to 
this it would be interesting to understand specific interaction between amino acids on the 
surface of the protein and surface functional end groups on the surface of the surface, which 
can allow controlling not only crystal habits of proteins but also allow surface selective 
crystallisation of a particular crystal form.  Modification of 3D nanotemplate surfaces with 
more complex organic functional groups, preferably amino acids, which can govern 
interaction with amino acids on the surface of proteins, can propose a next generation of 3D 
nanotemplates with a high degree of selectivity and specificity towards the protein molecule 
of interest. 
 
Furthermore, to provide experimental evidences of the proposed mechanism, tip enhanced 
Raman (AFM Raman) or approaches employed for probing the molecules within aqueous 
samples using scanning tunnelling microscopy can be used.  Tip enhanced Raman probes can 
be used in the transmission mode considering the particle size of the 3D nanotemplate.  To 
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obtain conclusive evidences, model protein systems which can provide strong Raman shifts 
should be selected for molecular probing experiments.   
 
In case of small inorganic systems, molecule probing experiment using scanning tunnelling 
microscopy has been recently reported in the literature.  Such experiments used the aqueous 
systems in case of bio-mineralisation to observe crystal formation of calcium carbonate.  
Similar measurements can also be performed in case of protein systems, however considering 
the long experimental time and complexity of multi-component aqueous systems involved 
appropriate adaptations will be required. 
 
4. Theoretical models reporting enhanced thermodynamic stability within the nano porous 
confinement of the size range of protein radius of gyration resulting in increasing folding 
rates.  However, no experimental evidence of such theoretical predictions are provided.  
Furthermore, folding of some of the industrially prepared proteins is considered challenging.  
It is suggested to apply 3D nanotemplates to understand its influence on rate of protein 
folding and protein stability. 
 
10.4   Final Remarks 
 
The ability to control pore diameter of mesoporous silica surface with narrow pore size distribution 
developed in this study provided experimental competence to understand the correlation between 
protein properties and nucleant pore diameter key for controlling crystallisation.  The relationship 
between nucleant pore diameter and protein hydrodynamic diameter, governing the surface specific 
crystallisation of proteins is established in this study for the first time.    
 
The relationship developed was employed to design surfaces for the crystallisation of widely studied 
model protein systems and crystals of such protein systems were obtained at hereto lowest 
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supersaturation reported in the literature which are typically in the range of protein concentrations 
obtained from the bio-reactors avoiding any concentration steps required. 
 
Furthermore, the relationship between protein hydrodynamic diameter and nucleant pore diameter is 
employed to crystallise a protein of interest from a protein mixture as well as lesspure protein solution 
with other active proteins of the same family suggesting application of this method for developing 
crystallisation as an acutely needed alternative to conventional protein purification means. 
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